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Abstract
One of the first steps of methylmercury (MeHg) bioaccumulation, uptake by
phytoplankton, is regulated by dissolved organic matter (DOM). Methylmercury binds
strongly with DOM, especially high-molecular weight (HMW) compounds containing
reduced sulphur; this binding decreases MeHg bioavailability. Climate-induced changes
were measured at the landscape level using ArcGIS; land-cover changes between 20052010 were assessed around lakes in Mackenzie Valley, NWT. The observed changes, a
10% increase in forest-classified area and up to 15% decrease in wetland area, will likely
increase delivery of HMW DOM and MeHg to lakes. Partitioning experiments were
conducted to examine effects of DOM ligand quality on MeHg uptake by
Chlamydomonas reinhardtii algae. In cysteine solution (reduced sulphur DOM), algae
took up 89% less MeHg than in EDTA solution and 172% less MeHg than in ‘no DOM’
solution. Together, geospatial and experimental analyses indicate that changing DOM
composition will likely cause MeHg bioavailability to decrease in subarctic lakes.
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Lay Summary
Methylmercury (MeHg) is a toxic chemical that exists in nature in very small amounts.
Tiny plant-like cells (algae) take up MeHg from lake water, and the MeHg transfers to
animals that eat algae, such as fish. Even small doses of MeHg are harmful and humans
that often eat these fish can experience impairment from mercury poisoning. Algae take
up MeHg at different rates, depending on what other chemicals are in the water: this
especially includes dissolved organic matter (DOM), which is produced by decaying
plants and animals. MeHg binds strongly to large DOM and DOM that contains thiols (a
part of DOM structure that contains sulphur). In water with these types of DOM, algae
take up less MeHg. Using satellite images from 2005-2010, I measured changes in forest
and wetland area in Mackenzie Valley, Northwest Territories, because this area of
Canada is changing rapidly due to climate warming. Both the overall area of forest and
the type of trees present can affect the type and amount of DOM in runoff. Wetlands are
also important because they produce DOM and MeHg and increase the amount of both
that enters lakes. Generally, I found that forest area, especially evergreen trees, increased
in the Mackenzie Valley, and some study regions had decreased wetland area. As a result,
DOM entering lakes likely became heavier and contained more sulphur, and MeHg
production around lakes likely decreased, possibly making MeHg less available to algae.
In a lab, I studied the effect of different types of DOM in water on the amount of MeHg
taken up by algae. I confirmed that algae took up much less MeHg in water with DOM
that contained sulphur. Together, these studies show that landscape change can greatly
affect the ability of algae to take up MeHg. In the case of increased forest area and
decreased wetland area, MeHg might be less of a hazard to lake wildlife, but in areas with
intense deforestation and large wetlands, high levels of MeHg might build up in fish.
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Introduction and Literature Review

This thesis focuses on climate-induced changes in Canadian subarctic lakes, because
landscape change in these vulnerable permafrost regions affects water chemistry in
nearby lakes. Dissolved organic matter (DOM) generated in catchments binds with toxic
methylmercury (MeHg), and both are transported to lakes in runoff. Within lakes, DOM
influences mercury (Hg) bioavailability to aquatic wildlife. Dissolved organic matter type
and concentration are influenced by land-cover and geomorphology within lake
catchments and affect Hg uptake by algae, which is a critical first step in Hg
bioaccumulation. This introduction will discuss how DOM quantity and quality may shift
with climate changes, and how these changes may affect Hg bioavailability.

1.1 Climate Change in Subarctic Canada
1.1.1

Permafrost Environments

For a region's subsurface to be described as ‘permafrost’, the ground must remain at or
below 0 °C for two or more consecutive years (Woo, 2012). Permafrost is partly
composed of polygonal ice formations underground, including lenses, wedges, and
irregular volumes that effectively adhere permafrost together (Serreze et al., 2000).
Maintenance of these ice volumes partly depends on topography; permafrost patches are
most frequently sustained in hollows and beneath shaded slopes, such as those that face
primarily north (Woo, 2012). The uppermost layer of the ground, which freezes and
thaws each year, is called the active layer (NWT ENR, 2014). Biological activity can
occur above the perennially frozen ground within this active layer, which is typically less
than 1 metre thick (Serreze et al., 2000). Areas of ground that never freeze, called taliks,
are also present (AMAP, 2017). These are often located beneath lakes, within which the
deepest water remains liquid year-round.
Approximately half of Canada’s land area is underlain by permafrost (Heginbottom et al.,
1995), which creates a unique landscape that is undergoing substantial change due to
climate warming. The area of study for this thesis is the Mackenzie Valley, west of Great
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Slave Lake, in the Northwest Territories (NWT). This area is part of the Mackenzie River
Basin, the largest basin in northern Canada, three-quarters of which is underlain by
permafrost (Abdul Aziz & Burn, 2006). The NWT has areas of continuous and
discontinuous permafrost, and the transition from continuous to discontinuous occurs
roughly where the northern tundra vegetation transitions into subarctic boreal forest in the
south (NWT ENR, 2014). Discontinuous permafrost has a very narrow temperature
range, and tends to remain frozen between -2 °C and 0 °C (AMAP, 2017).
Permafrost hydrology is complex, and greatly dependent upon regional climatic
conditions and landcover. Generally, permafrost areas receive precipitation as snow in
the winter and rain in the summer, and these surface water inputs tend not to recharge
deep groundwater reservoirs. Instead, during warm spring/summer seasons, the thin
active layer becomes saturated with meltwater, and the remaining water that cannot
infiltrate runs over the ground to eventually recharge rivers, lakes, and wetlands (Woo,
2012). During freezing conditions in winter, ice crystals form in the pores of fine-grained
sediments such as clay and silt. When this freezing occurs, the latent heat released by the
phase transition causes some water to melt and be redistributed downwards to the
freezing front, bringing with it dissolved ions and nutrients (French & Shur, 2010).
The primary determinant of permafrost temperature tends to be air temperature (Throop
et al., 2012). However, the effects of air temperature are attenuated in several interacting
ways by vegetation and snow cover, which influence the fraction of incident solar
radiation that is absorbed by the ground. Snow cover is a key factor in controlling
permafrost temperature because it insulates the ground below (Smith, 1975). Essentially,
snow provides a layer of lower thermal conductivity than soil, and buffers the permafrost
below against changes in air temperature (Gold, 1963). There is not year-round snow
cover in the southern NWT study area, so deep snow deposited in the winter serves to
insulate against air-temperature cooling and actually maintain warmer ground
temperatures (Smith, 1975).
Similarly, ground temperature tends to be cooler in areas with greater vegetation cover.
Tundra sites may respond most readily to changing air temperature, because they lack a
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substantial vegetation buffer layer (Throop et al., 2012). Indeed, Smith (1975) measured
the greatest ground temperatures in bare permafrost areas, followed by areas with willow
and alder cover. Coolest temperatures were observed in areas of spruce forest. Similarly,
Zhang et al. (2014) observed greater decreases in permafrost extent in barren landscapes
than in deciduous forest. The warm, ice-rich permafrost in the Mackenzie Valley tends to
persist below the boreal forest cover (Throop et al., 2012). In general, vegetation with
high leaf-area index (LAI) helps to prevent solar radiation from warming permafrost. LAI
is a measure of total canopy leaf area per unit of ground surface area, and is highest in
evergreen forests and lowest in tundra and deserts (Asner et al., 2003).
Even short mosses and lichens can provide insulation; these plants have high porosity and
do not undergo transpiration, so they limit the loss of water through evaporation and
preserve damp, cool conditions (AMAP, 2017; Woo, 2012). Vegetation cover also
influences heat transfer to the ground by modifying regional albedo (Woo, 2012). For
example, coniferous trees tend to reflect less solar radiation back to the atmosphere than
deciduous trees (Yin, 1998). The depth of the soil surface organic layer, in addition to
vegetation cover, can affect insulation of permafrost. Zhang et al. (2014) found the extent
of permafrost in wetlands to be least affected by air temperature warming. Peat soil is
effective at buffering changes in air temperature (Woo, 2012). While vegetation can
provide an insulative layer, it is also implicated in active layer thickening under some
circumstances. In regions such as tundra that accumulate dense, wind-packed snow,
ecological succession and growth of vegetation can shift the mechanism of snow
accumulation. Snow trapped by new vegetative growth tends to be low-density, and can
cause permafrost below to warm more quickly than it would under the dense snowpack
(Mackay & Burn, 2002; Sturm et al., 2005).

1.1.2

Changing Subarctic Temperatures

North America's western Arctic is one of the most rapidly warming areas on Earth, and
recent temperature increases in central subarctic Canada are the greatest documented in
North America (IPCC, 2014), with winter air temperatures increasing by up to 2 °C since
the 1960s (Chapman & Walsh, 1993). Some models have predicted that in central
subarctic regions, including the Mackenzie Basin, air temperatures may increase by up to
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4-7 °C (IPCC, 2014). These tend to be regions with warm permafrost (near 0 °C), and
could undergo dramatic landscape change as a result of this warming. Indeed, the
Mackenzie Basin is undergoing substantial warming during winters, likely due to
combined effects of atmospheric circulation patterns and regional topography.
Specifically, warm air masses from the west and south descend adiabatically (i.e., without
any loss of heat) over the Mackenzie mountains and warm further as a result of this
adiabatic contraction. A temperature inversion also tends to occur during winter, capping
cold air with a warmer air mass above (Cao et al., 2001).

1.1.3

Permafrost Thaw

Discontinuous permafrost regions appear to be subject to pronounced thaw due to current
climate warming. Camill (2005) estimated that thaw rates in areas of sporadic and
discontinuous permafrost were approximately 200-300% greater in 2000, compared to
rates in 1941-1991. The consequences of enhanced thaw depend on the types and
volumes of ice present in an area, because thawing unlocks and redistributes large
volumes of water from the solid phase into new compartments of the hydrologic cycle.
Melting of subsurface ice volumes produces an irregular topography of mounds and wet
depressions known as thermokarst (Serreze et al., 2000). This hummocky terrain
develops as ground subsides, especially on ice-rich slopes, and can produce such unique
vegetation patterns as ‘drunken forests’, where trees lean dramatically as the ground
shifts (Kokelj et al., 2007). Mass-wasting events, meaning downslope slumping and
sliding of sediment and soil, are common in thawing regions. Other dramatic physical
disturbances that may take place as a result of thaw include active layer detachment
slides, which occur when unfrozen upper soil layers become hypersaturated and slide
downslope (Lafrenière & Lamoureux, 2019).
The effects of climate warming on discontinuous permafrost regions are likely to be
severe, because temperature changes of just a few degrees in these areas can completely
alter ecosystem structure. Thaw of ground ice can greatly change microtopography,
which then influences distributions of plant species. In addition, thaw alters hydrological
and nutrient conditions within the soil, which can further affect vegetation community
composition (Christensen et al., 2004).
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Not only is permafrost radiation balance affected by vegetation cover, but feedbacks exist
such that the vegetation community is also influenced by permafrost condition. Firstly, as
mentioned above, vegetation entraps snow, which can insulate ground ice. Mackay and
Burn (2002) found that the growth of vegetation on the bottom of a recently drained lake
contributed greatly to warming of the active layer. This is likely because snow entrapped
by vegetation is of lower density and thus greater insulative capacity than the windpacked snow that accumulates in tundra regions (Lantz et al., 2013). This tendency is
enhanced as shrub cover increases in tundra areas, which has been observed with recent
warming (Sturm et al., 2005). Some tall shrubs, such as green alder and willow, have
become increasingly dominant in disturbed areas of the NWT, leading to enhanced
warming in previously bare areas (Lantz et al., 2013).
In addition to physical landscape changes, thaw may affect subarctic lakes in a variety of
ways. Firstly, lake area may be greatly altered by increasing temperatures. Decreases in
ground ice tend to increase hydrological conductivity, which can cause catastrophic
drainage of some lakes because bounding ice may decrease or disappear entirely (AMAP,
2017; Malone et al., 2013; NWT ENR, 2014). Mats of floating vegetation may also grow
inward from lake margins, further decreasing lake surface area. In other cases, lake area
may increase as new depressions form and fill with water, or shorelines of existing lakes
erode and lake bottoms further subside. These changes in lake area can greatly influence
regional water balance by affecting evaporation rates (AMAP, 2017).
Secondly, thawing permafrost has many chemical consequences for nearby water bodies.
Physical disturbances that result from thaw, including landslides or slumps, can deliver
large amounts of particulate matter to water bodies (Kokelj et al., 2013). Deepening of
the active layer can release nutrients that had previously been locked in ice (NWT ENR,
2014). Additionally, increased hydrologic conductivity due to reduced subsurface ice
volume can increase rates of solute transport towards water bodies (Malone et al., 2013).
Elevated ionic concentrations, specifically concentrations of calcium, magnesium, and
sulphate, have been measured in lakes with catchments that have been greatly affected by
thermokarst slumping (Kokelj et al., 2013).
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Most importantly to the context of this thesis, thaw of peat-dominated permafrost can
increase the delivery of dissolved organic matter (DOM) to subarctic water bodies. Under
warmer conditions, peatlands have been observed to export greater amounts of DOM
(Freeman et al., 2001). In high-latitude environments, DOM concentrations in natural
waters are largely a function of catchment peatland cover, especially in warm,
discontinuous permafrost areas (Arvola et al., 2016). Dissolved organic matter in boreal
lakes largely originates from terrestrial sources (allochthonous DOM), rather than in-lake
formation (autochthonous DOM) (Karlsson et al., 2012). Frey and Smith (2005) observed
high dissolved organic carbon (DOC) concentrations in peatland-dominated watersheds
with average air temperature greater than -2 °C, compared to cooler catchments. This
‘browning’ of waters has biological consequences because light penetration is reduced in
browned lakes, which can affect primary productivity and thus entire aquatic food webs
(Jones, 1992). The characteristics of DOM entering lakes also seem to be affected by
permafrost thaw; as ground ice melts, the soil becomes available for microbial activity.
Thus, very labile (biodegradable) carbon compounds tend to make up a large proportion
of DOM export from thermokarst (Abbott et al., 2014; Pautler et al., 2010). Key sources
of DOM to lakes include peatlands and forest litter. Coniferous forests, especially, release
DOM year-round, predominantly in the form of hydrophobic amino acids (Hongve, 1999;
Klimaszyk et al., 2015).

1.1.4

Peatland Permafrost Thaw

Peatlands themselves may release greater concentrations of aromatic, phenolic
compounds under warming (Freeman et al., 2001). These are rather recalcitrant (nonbioavailable) carbon compounds that originate from aquatic plant structural tissue
(Wetzel, 1992). Boreal subarctic peatlands have been observed to get wetter and exhibit
shifts in vegetation community composition with permafrost thaw. Johansson et al.
(2006) developed a system to classify the succession of peatland types that arise after
substantial thaw and peatland inundation has occurred. Peatlands dominated by palsa,
which refers to hummocks containing ice cores, undergo a shift to bogs dominated by
Sphagnum mosses. The water table in these bogs is below the peat surface, and is often
found above a deeper layer of permafrost. Johansson et al. (2006) proposed that
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eventually, thawing Sphagnum-dominated bogs shift to poor fens, which contain Sphagna
and tall sedges and may still sustain small volumes of ground ice. Finally, poor fens are
suggested to evolve into rich fens, which no longer contain any permafrost and are
dominated by tall sedges.
DOM production is thought to vary along the stages of the thaw gradient. Hodgkins et al.
(2014) observed DOM leaching from bogs (i.e., early thaw stage) to be more aromatic
and hydrophilic than DOM produced by fens. Rich fens produce the most low-molecularweight (LMW) compounds in the thaw gradient. DOM from rich fens also contains high
ratios of sulphur to carbon, compared to the other wetland types, which may be due to the
high sulphur content in vascular plant tissue (Hodgkins et al., 2016).

1.2 Mercury as a Contaminant
1.2.1

Mercury Sources and Transport

Mercury (Hg) contamination of natural waters has garnered much attention in recent
decades. Released by both natural and anthropogenic sources, Hg is an ubiquitous
contaminant. Its bioavailability is regulated by water chemistry, organic matter and
nutrient supply (Ravichandran, 2004), microbial metabolism (Compeau & Bartha, 1985),
and ecosystem productivity, all of which are influenced by climate change (Krabbenhoft
& Sunderland, 2013). While Hg concentrations are extremely low (picograms to
nanograms per litre), certain forms of Hg pose risks to wildlife and human health through
bioaccumulation and biomagnification.
There are seven naturally occurring, stable Hg isotopes: 196Hg, 198Hg, 199Hg, 200Hg, 201Hg,
202

Hg, and 204Hg (Kritee et al., 2013). Mass-dependent fractionation (MDF) of Hg

isotopes occurs during some transformations; for example, lighter isotopes undergo
photochemical reduction more rapidly than heavier isotopes (Bergquist & Blum, 2007).
An understanding of the isotope fractionation that occurs via biogeochemical processes
and industrial releases can be used to interpret stable isotope ratios, which can provide
valuable information for determining sources of Hg to the environment (Kritee et al.,
2013).
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Natural sources of inorganic Hg include weathering of geological deposits, such as
cinnabar (HgS). Geothermal activity and volcanic eruptions release Hg from Earth's crust
and magma to the atmosphere, and Hg is also emitted from the ocean back to the
atmosphere (Renzoni et al., 1998). In addition to natural fluxes, and while Hg has been
used for various purposes by humans for more than 2000 years (García Gómez et al.,
2007), Hg has been released in much greater quantities to the environment over the last
150 years of industrial activity (U.S. EPA, 1997). The major causes of anthropogenic Hg
contamination are coal-burning, waste incineration, mining, chlor-alkali plants, and pulp
and paper mills (Renzoni et al., 1998; Wiener et al., 2003). Artisanal gold mining,
especially, releases large quantities of Hg, because liquid Hg is first used to form an
amalgam with gold, and is then evaporated off to leave gold behind. Processes such as
forest fires, can re-release Hg that was deposited into ecosystems from anthropogenic
sources (Gonzalez-Raymat et al., 2017).
While anthropogenic contamination tends to originate from point sources, Hg emissions
are transported across the globe via the atmosphere. Inorganic Hg has an atmospheric
residence time of 0.5-2 years, and is thus deposited even in the most remote, ‘pristine’
environments (Lindqvist & Rodhe, 1985). In the atmosphere, 95% of inorganic Hg is in
the gaseous elemental form (Hg0), while the remainder is particulate ionic Hg(II),
gaseous divalent or ‘reactive gaseous’ Hg, and minute quantities of methylmercury
(CH3Hg+, hereafter MeHg) (Schroeder & Munthe, 1998). Hg0 can undergo oxidation with
halogens to produce reactive gaseous Hg, which forms water-soluble compounds such as
HgCl2. Reactive gaseous Hg is then readily deposited from the atmosphere by adsorbing
to particles or dissolving in water droplets that are then deposited directly or via
precipitation (Gonzalez-Raymat et al., 2017). Once deposited onto land, Hg is largely
sequestered in soils by binding with organic matter. The long residence time of Hg in
soils, compared to other environmental compartments, makes soils both a large sink and a
potential long-term source of Hg to ecosystems (Wiener et al., 2003). While many
initiatives have been put in place to reduce emissions, historical industrial activity has left
soils around the world with legacy contamination. This is especially the case in northern
boreal soils, where organic carbon very effectively retains Hg (Mason et al., 1994).
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Reactive Hg deposited onto oceans may undergo photochemical or biological reduction,
and be released back to the atmosphere as Hg0. A small fraction of Hg that enters oceans
is eventually incorporated into the sediment layers at the bottom of these water bodies
(Morel et al., 1998). In aquatic systems, chemical reactions determine Hg fate and
transport; Hg typically binds with DOM and chloride (Cl-) to form soluble compounds
easily transported by regional hydrological processes (Wiener et al., 2003).

1.2.2

Mercury Methylation

Upon deposition to wetlands, inorganic Hg can be methylated (i.e., addition of a methyl
group) into MeHg. In boreal forest catchments, a large proportion of mercury methylation
occurs in wetlands, rather than in lake-bottom sediments (St. Louis et al., 1994).
Demethylation, a concurrent process, is the conversion of MeHg back to inorganic Hg
(Wiener et al., 2003). MeHg may also photodegrade in the water column when exposed to
sunlight (Sellers et al., 1996). Of total Hg in surface water, MeHg makes up only 0.1-5%,
but can be the dominant form of Hg in anoxic conditions (Hurley et al., 1995). Methylation
is primarily carried out by anaerobic bacteria, especially sulphate-reducers, which reduce
sulphate to sulphide through their metabolism of organic matter (Compeau & Bartha,
1985). There are bacteria that carry out demethylation as well, but net methylation is
favoured under anoxic conditions, such as those above basal sediments in water bodies.
While sulphate-reducing bacteria (SRBs) are the dominant methylators in wetlands,
methylation may also occur around the roots of some floating aquatic plants (Cleckner et
al., 1999) and within the intestines of fish (Rudd et al., 1980). Bacteria and fungi in upland
soils may also carry out methylation within the catchment (Benoit et al., 2003).
Methylation rates in wetlands are greatly affected by water chemistry. For inorganic Hg
to be methylated by SRBs, it must be in a neutral form to diffuse across bacterial cell
membranes. Thus, chloride and sulphide in water can increase methylation rates, because
Hg binds with these ions to form neutral compounds, but high concentrations of either
can inhibit methylation through the formation of charged ion pairs (Benoit et al., 2003).
Ratios of MeHg to total Hg tend to be highest in freshwater, potentially due to high Clconcentrations in seawater (Compeau & Bartha, 1986). High DOM concentrations in
water may also suppress MeHg production, because Hg bound to DOM may be less
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available for methylation. Low water pH may counteract this, however, because acidic
conditions desorb Hg from DOM (Miskimmin et al., 1992).
The quality and quantity of organic matter available for metabolism by SRBs can also
influence MeHg production. These bacteria use labile organic matter (OM) as an electron
donor as they reduce sulphate to sulphide, and certain OM types stimulate methylation
more readily than others. Organic matter compounds produced by decaying algae contain
LMW thiols (Dupont et al., 2006), and have been suggested to enhance methylation in
biofilms around aquatic plants (Leclerc et al., 2015) and in lake sediments (Lázaro et al.,
2013). Bravo et al. (2017) observed this in boreal lakes, where methylation rates were 3fold to 8-fold higher in lakes with predominantly fresh phytoplankton-derived OM,
compared to lakes with OM originating mainly from catchment vegetation. High
temperatures, such as those driven by climate warming, may also stimulate activity of
methylating bacteria (Stern et al., 2012).

1.2.3

Mercury Toxicity and Bioaccumulation

Mercury compounds preferentially bind with thiols and other reduced-sulphur-containing
groups, which allows Hg to bioaccumulate by concentrating in proteins, such as those in
muscle tissue (Halbach, 1995; Mergler et al., 2007). Mercury is also biomagnified in food
chains; levels of Hg are highest in organisms occupying the highest trophic levels (Morel
et al., 1998). Fish take on large loads of Hg, mostly in the form of MeHg, through their
diet (Harris & Snodgrass, 1993); more than 95% of Hg measured in fish tissue is MeHg
(Bloom, 1992). Adult female fish may develop higher concentrations of MeHg in tissues
than males through heightened feeding before laying eggs (Nicoletto & Hendricks, 1988).
Female fish also transfer MeHg to their eggs, which may impair the central nervous
system and delay growth and development of young (Latif et al., 2001). Fish-eating birds
may be exposed to MeHg via diet as well, which can adversely affect their survival,
reproduction, and behaviour. Female birds may also transfer MeHg to their eggs (Eisler,
1987). Human exposure to MeHg causes central nervous system damage, in addition to
impairment of the immune system and heart (U.S. EPA, 1997). Humans largely
accumulate MeHg by consuming contaminated fish, which is therefore especially
concerning for populations that rely heavily on fish in their diet (Renzoni et al., 1998).
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For example, some northern First Nations people, including those in the Mackenzie
Valley, NWT, consume large amounts of fish as part of their traditional way of life
(Evans et al., 2005).

1.3 Mercury Interactions with Dissolved Organic Matter
1.3.1

Mercury-DOM Binding

DOM is largely made up of humic substances, which are produced by the decomposition
of flora and fauna (Thurman, 1985). Generally, humic substances are further categorized
into fulvic and humic acids, based on their structure and complexity. Of the two
categories, fulvic acids make up the majority of humic substances in lake water, and
contain relatively more labile carbon functional groups, including up to 0.2 nanomoles of
cysteine per milligram (Thurman, 1985). Humic acids are condensed, complex,
recalcitrant compounds, and contain up to 0.7 nmol of cysteine per milligram (Thurman,
1985). Humic acids tend to be large, hydrophobic compounds with a globular structure,
while fulvic acids are more linearly structured and hydrophilic. While humic acids do
contain labile carbon groups, such as cysteine, they may be less accessible to metal ions
for binding, due to the complex structure of humic acid molecules (Aiken, 1985).
Many metals in the periodic table are considered class A ions and therefore bind to
oxygen-containing functional groups on DOM molecules. Mercury, however, is a class B
ion and preferentially binds with thiols and other reduced-sulphur-containing groups
(Nieboer & Richardson, 1980). Mercury concentrations in natural waters are typically
only a few nanograms per litre, while natural concentrations of DOM can be tens of
milligrams per litre. DOM can comprise 0.2% reduced sulphur by weight, so the number
of strong reduced sulphur binding sites in DOM tend to exceed the amount of Hg
available in water (Ravichandran, 2004). This means that essentially all Hg present in
water is bound to DOM. That said, laboratory studies of Hg binding to DOM tend to use
experimental Hg concentrations that are much greater than concentrations of reduced
sulphur in experimental DOM solutions; as a result, all reduced sulphur groups become
saturated with Hg, and the remaining unbound Hg then binds with oxygen functional
groups (Haitzer et al., 2002). The functional group containing reduced sulphur also
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affects Hg binding strength. Binding constants for Hg to freely accessible thiol groups
like those in cysteine (i.e., R-S-H) are orders of magnitude greater than binding constants
for Hg to thioethers (R-S-R, e.g., in methylcysteine, methionine), where reduced sulphur
groups are bound to two methyl groups (Haitzer et al., 2002).
In water, inorganic Hg is present as ionic Hg2+, bound to either chloride or hydroxide
ions, depending on pH and Cl- concentration. In most freshwaters, inorganic Hg is thus
most commonly present as HgCl2 (Morel et al., 1998). Methylmercury is largely present
in its ionic form, CH3Hg+, and also readily combines with chloride. However, in the
presence of DOM, both inorganic and organic forms of Hg may bind with stronger ligand
groups in DOM molecules in place of chloride. This takes place through coordinate
covalent bonding between metal ions and ligands, which can be neutral or negatively
charged particles that donate electrons to the metal. While inorganic Hg may form
multiple bonds, MeHg almost always has a coordination number of 1, meaning it binds to
one ligand (Rabenstein, 1977). Chloride ions likely do not effectively outcompete
reduced sulphur, except at high Cl- concentrations; as a result, MeHg-Cl bonds are
unlikely to form in fresh water (Hintelmann et al., 1997).
Other water chemistry variables may also influence Hg-DOM binding. For example,
acidic conditions may cause H+ ions to compete with Hg for binding to DOM ligands
(Miskimmin et al., 1992). Monomeric aluminum also competes with Hg for binding to
DOM. This may result in higher bioavailability of Hg compounds in water with high
aluminum concentrations, especially in lakes with low pH (Driscoll et al., 1995). While
Hg also binds with suspended particulate organic matter, the binding and transport of Hg
bound to particulates differs from DOM-bound Hg (Hintelmann & Harris, 2004) and will
not be discussed in this thesis.

1.3.2

Mercury Transport in Runoff

Catchment runoff is an important source of dissolved nutrients and organic matter to lake
systems. Mercury binds strongly with organic matter, so DOM and particulate organic
matter in catchment runoff are important conveyors of Hg to lakes (Johansson et al.,
1991; Mierle & Ingram, 1991). In boreal biomes, which have the highest density of
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freshwater bodies on Earth (Verpoorter et al., 2014), lakes are thus vulnerable to changes in
the surrounding environment that influence in-lake production of OM and OM delivery
from catchments (Bravo et al., 2017). The effect of wetlands within lake catchments on
DOM and Hg export is debated in the literature, because large peatlands sequester carbon
compounds from percolating water (Lindqvist et al., 1991). In general, catchments with
larger wetland areas are generate greater quantities of DOM (Dillon & Molot, 1997;
Mulholland & Kuenzler, 1979) and Hg (Grigal, 2002), such that increased wetland area in a
watershed results in increased Hg inputs to lakes. For example, Krabbenhoft et al. (1995)
estimated that runoff leaving their studied wetlands contained 1.1 nanograms more
inorganic Hg per litre than groundwater. In Sweden, where lakes with high Hg
concentrations receive Hg inputs dominantly from catchment sources, between 25% and
75% of total Hg load to lakes is estimated to come from catchments (Lindqvist et al., 1991).
Wetland sediments are hotspots of Hg methylation due to their anaerobic conditions;
therefore, percent wetland cover within a watershed influences MeHg delivery to lakes.
Grigal (2002) estimated that an increase in catchment wetland area from 1% to 10%
produces a threefold increase in MeHg flux in catchment waterways, and results in a
further threefold increase in MeHg flux as wetland area increases from 10% to 50%.
Wetlands that are located near lake margins, as opposed to further away in the watershed,
most directly influence Hg input (Driscoll et al., 1995; Grigal, 2002). With enhanced
permafrost thaw and increased catchment runoff, warming may increase Hg delivery to
lakes in subarctic catchments. This effect of thermokarst activity has been observed in
Sweden (Rydberg et al., 2010).

1.4 Mercury Interactions with Algae
1.4.1

Mercury Entry into Aquatic Food Webs

Mercury concentrations in natural waters are typically on the order of only a few
nanograms per litre. However, at the base of aquatic food webs, MeHg becomes highly
concentrated; in phytoplankton, MeHg concentrations are approximately 104 times
greater than concentrations in water (Watras et al., 1998). Thus, the water-to-algae
transfer of MeHg is a critical point of Hg entry into some aquatic food webs. This
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massive difference in concentration between aqueous and algal MeHg has been described
as a MeHg ‘elevator’ (Wu, 2017). Concentrations of Hg in algae, however, are rarely
high enough to induce toxic effects on algae in natural waters (Le Faucheur et al., 2014).
Subsequent biomagnification of MeHg occurs within the aquatic food web, such that
MeHg concentrations in predatory fish are approximately 106 times greater than in water
(Lehnherr, 2014). Thus, a large proportion of MeHg bioconcentration occurs between
algae and water, so the conditions that affect algal uptake of MeHg are extremely
important for further study.
When inorganic and methylmercury bind to chloride ions, the compounds formed are
neutral and lipophilic. These properties allow the molecules to diffuse across biological
membranes (Nieboer & Richardson, 1980). Upon crossing cell membranes, Hg
compounds may dissociate in the presence of stronger ligands; for example, Hg has a
stronger affinity for thiols than for chloride. This passive mechanism of uptake has long
been thought to be the dominant pathway by which Hg enters algal cells (Filip & Lynn,
1972; Mason et al., 1996). Filip & Lynn (1972) observed that uptake of inorganic Hg was
approximately identical for live algal cultures as for those that had been heat-killed,
which implied that substantial active uptake of inorganic Hg was unlikely to occur.
However, when Moye et al. (2002) studied MeHg uptake by algal cells, they found that
there was likely some active uptake of this organic Hg species. They inhibited
phosphorylation, preventing the formation of ATP, and observed decreased MeHg uptake
by algae; this is likely because active MeHg uptake by membrane transporters requires
ATP. Pickhardt & Fisher (2007) also observed that heat-killed algal cells took up less
MeHg than live algal cultures, which implies some degree of active uptake.
Algal cell properties can also affect the degree of Hg uptake. Older algal cultures, such as
those that have reached stationary phase, distribute internal storage products in cell
compartments differently than actively growing cells. These include proteins required for
cell growth and division, and Hg may bind less effectively to certain types of storage
molecules (Reinfelder & Fisher, 1991). A complete understanding of differential MeHg
uptake among species of algae has yet to be developed. Membrane permeability to
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MeHg-Cl may differ among species, as may rates of active uptake. For example, many
algal cell membranes contain transmembrane proteins to transport metals, and these may
be more or less numerous or effective at transporting MeHg in different species of algae
(Le Faucheur et al., 2014). Membrane permeability to inorganic Hg, however, may be
relatively similar among species, despite differences in cell wall composition (Pickhardt
& Fisher, 2007).
It remains unclear how the presence of membrane-bound organelles affects MeHg uptake
by algal cells. Some studies have reported that eukaryotic cells, such as green algae, take
up MeHg more readily than prokaryotes (Miles et al., 2001; Moye et al., 2002), while
other researchers have observed the highest MeHg sequestration by cyanobacteria
(prokaryotic, blue-green algae) (Pickhardt & Fisher, 2007). Differential MeHg
accumulation may occur as a result of differences in carbon fixation apparatus because
the enzyme responsible for this process (ribulose-1,5-bisphosphate carboxylase/
oxygenase, RuBisCO) contains many cysteine residues (Curmi et al., 1992) and may bind
strongly with Hg. Cyanobacteria lack chloroplasts, but contain RuBisCO in structures
called carboxysomes, bounded by a porous protein shell, rather than a lipid membrane
(Espie & Kimber, 2011). These prokaryotes also contain higher concentrations of
protein-based pigments than some eukaryotic species (Moye et al., 2002). Further
research is necessary to determine the effects of differing cell structure and pigment
composition on MeHg sequestration by these cell types.

1.4.2

Algal Mercury Uptake and Water Chemistry

In addition to responding to cell properties, MeHg bioaccumulation is further affected by
water chemistry. The concentration of the metal in solution, firstly, may affect rates of
diffusion into algal cells; algae may passively accumulate Hg most rapidly from water
with high Hg concentrations (Le Faucheur et al., 2014). The pH of water can also
influence Hg bioaccumulation because Hg binding with reduced sulphur groups involves
acid-base chemistry. This can partly explain observed increases in uptake of both
inorganic Hg and MeHg in acidic waters (Le Faucheur et al., 2011; Wiener et al., 2006).
The pH of an aquatic system also influences the degree of protonation of algal
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transmembrane transporters, which can affect their ability to bind with and effectively
take up metals (Crist et al., 1990).
Strong Hg-DOM binding also regulates Hg bioavailability in aquatic systems; DOM
concentration is one of the most important factors governing MeHg assimilation by
phytoplankton. This has been observed through laboratory study: Gorski et al. (2008)
found that algal inorganic Hg and MeHg concentrations decreased when high DOM
concentrations were present in water. Experimental studies have also touched on the
importance of DOM composition in algal Hg uptake. Algal cells are thought to take up
more inorganic Hg in the presence of LMW DOM molecules, such as those resembling
proteins or small phenols. Low Hg uptake by algae, conversely, was observed in the
presence of high-molecular-weight (HMW) DOMs, such as fulvic and humic acids
(Diéguez et al., 2013).
Similarly, this effect has been observed for MeHg uptake by algae; algal cells have been
observed to take up MeHg less readily in the presence of the hydrophobic fraction of
DOM (Luengen et al., 2012). These humic acids tend to be more complex and aromatic
than other DOM fractions. A similar phenomenon has been observed in the field, where
algal MeHg uptake was inhibited in waters containing high concentrations of aromatic
DOM (Tsui & Finlay, 2011). However, it is difficult to interpret the results of these field
studies, because waters containing high DOM concentrations also tend to have large
quantities of highly aromatic DOM. This is often observed in catchments with large areas
of wetland and forest cover, and it thus becomes difficult to separate the effects of DOM
quality and quantity on food web Hg uptake (Tsui & Finlay, 2011). Further research is
necessary to determine the effects of DOM quality on the partitioning of biologically
relevant MeHg to the base of aquatic food webs, especially in the context of thawing
permafrost catchments. There is a lack of consistency in results on this subject thus far,
likely due to uncontrolled water chemistry variables and poorly understood composition
of organic matter (Luengen et al., 2012).
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1.4.3

Mercury Trophic Transfer

Metals that bind with sulphur are thought to be efficiently bioaccumulated by higher
trophic levels. Mercury, and other class B metals, have been observed to penetrate further
into algal cell cytoplasm than class A metals (Reinfelder & Fisher, 1991; MeHg is more
effectively incorporated into cytoplasm than inorganic Hg). This is likely because the
reactivity of MeHg with thiol groups is lower than inorganic Hg, so inorganic Hg
becomes readily sequestered by thiols in cell membranes. Of total inorganic Hg in algal
cells, more than 90% is bound to membranes, whereas almost 65% of algal MeHg is
found intracellularly in cytoplasm (Mason et al., 1995). The transfer of MeHg to higher
trophic levels is thus more efficient than transfer of inorganic Hg (Mason et al., 1996).
This may be because primary consumers (zooplankton) ‘eat the grapes and spit the
skins’; they are able to digest algal cell cytoplasm, but excrete undigested membrane
components (Mason et al., 1995). In addition, culture age may affect cytoplasmic
concentrations of certain storage products. Cytoplasm protein content is higher in
stationary phase cells than in growing cells, which could cause zooplankton feeding on
older algal cells to take up more protein-associated MeHg (Reinfelder & Fisher, 1991).

1.4.4

Water Temperature and Bloom Dilution

The extent of algal MeHg uptake from water is a function of phytoplankton biomass.
Pickhardt et al. (2002) first observed that increased algal biomass decreased MeHg
uptake by aquatic food webs through a phenomenon they described as ‘bloom dilution’.
As algal cell density increases, proportionally less MeHg is assimilated by each cell, and
consumers, including zooplankton, accumulate less MeHg through consumption of the
same amount of algae. This has also been investigated as a potential explanatory variable
for the significant variation observed in Hg concentrations in fish tissue among lakes.
Experimentally, increased algal biomass decreases MeHg uptake by zooplankton, but
bloom dilution seems not to influence inorganic Hg bioaccumulation (Pickhardt et al.,
2005). Field measurements of chlorophyll-a, which give a proxy for algal biomass, show
that zooplankton from lakes with the greatest algal cell concentrations take up the
smallest Hg loads (Chen & Folt, 2005). This demonstrates the utility of measurements of
Chl-a in evaluating Hg biomagnification potential in lake water.
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Due to climate warming, water temperatures and resultant lake primary productivity, are
expected to increase. Increased phytoplankton biomass has indeed been recently
documented in warming Canadian arctic lakes (Michelutti et al., 2005). The potential for
bloom dilution of Hg, as a result, must be taken into account by estimates of
bioaccumulation potential under climate change conditions. In addition to increased
numbers of algal cells, community composition of algae may be affected by warmer
water. Species diversity may decrease (Urrutia-Cordero et al., 2017), and large, inedible
algal taxa may become more dominant (Watson et al., 1997), or small, r-selected species
that grow rapidly may drastically increase in numbers (Rasconi et al., 2015). Some
research also indicates that the life strategy of diatoms (siliceous algae) may shift from
benthic to planktonic in warmer water (Smol et al., 2005). The trajectory of algal
community composition is uncertain, and Hg uptake by aquatic food webs will be
affected by MeHg assimilation by newly dominant species, in addition to their abundance
and palatability for primary consumers.
Additionally, augmented phytoplankton biomass could lead to enhanced MeHg
production. Lakes with large concentrations of algal cells exhibit conditions ideal for
methylation: relatively anoxic, and large amounts of organic matter (Gray & Hines,
2009). Algal blooms produced by warming can also result in rapid sedimentation of labile
organic matter, which may stimulate heightened methylation activity by SRBs (Bravo et
al., 2017). Finally, labile DOMs produced by decaying algal cells have lower molecular
weight compared to the HMW humic substances delivered by catchment runoff. For
example, cysteine and glutathione are present in the water column, because these
compounds are produced and exuded by algal cells (Dupont et al., 2006). It is not yet
clear how binding to these LMW thiols, which will increase in concentration with algal
blooms, may affect MeHg bioavailability.

1.5 Mercury in Subarctic Canada
It is crucial to consider the effects of climate change on Hg bioavailability in northern
lakes, where ecosystem structure and water chemistry are likely to undergo drastic shifts.
It has been estimated that all Hg inputs to lakes can be taken up by the food web within
three years (Harris et al., 2007), and various climate effects on northern catchments will
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likely increase rates of Hg delivery to lakes. Warming may result in a decrease in nearsurface permafrost by 30-99% by the end of this century (Koven et al., 2013). Organic
matter locked up in permafrost decays extremely slowly; however, rapid microbial decay
can recommence with thaw. Schaefer et al. (2011) estimated that 95% of permafrost
organic matter could decay within 150 years of thaw. Not only will this enhance DOM
production, which can increase bound Hg delivery to lakes in high-DOM runoff, but
some research suggests that thawing permafrost itself will also release large quantities of
Hg (Schuster et al., 2018). This has been observed in Sweden, where historic thermokarst
activity released large amounts of Hg to subarctic lakes; Hg accumulation rate in
sediments from a lake proximal to a permafrost mire increased 2-fold during a period of
warming (Rydberg et al., 2010).
Permafrost thaw will also produce large volumes of runoff. This can further enable Hg
delivery to lakes through transport of DOM, as well as flood new areas of catchment soil,
which may then exhibit increased methylation rates (Stern et al., 2012). Lake water
temperatures in northern Canada will likely increase substantially by the end of the
century (Sharma et al., 2007), so bloom dilution of Hg uptake at the base of aquatic food
webs will likely occur as primary productivity increases.
In many lakes in Mackenzie Valley, NWT, Hg concentration in edible fish muscle
exceeds Health Canada's commercial sale guideline (Lockhart et al., 2005). This is
unusual, as this environment is relatively pristine, and a great distance away from any
point sources of industrial Hg contamination. The Northern Contaminants Program was
established when high concentrations of Hg in fish were measured in the mid-1990s, and
it aims to monitor lakes of importance to small, largely indigenous communities in NWT.
Thus far, Mackenzie Valley lakes that have the largest ratio of catchment-to-lake-area
seem to have the highest Hg concentrations in fish (Evans et al., 2005). These small,
shallow lakes also tend to have high DOM concentrations.
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1.6 Thesis Objectives
1.6.1

Overview of Studies

Northern Canada is undergoing shifts in landscape structure as a result of climate change;
central subarctic Canada, specifically, is warming proportionally more than the rest of North
America (IPCC, 2014). As permafrost thaw alters regional hydrology, a greater
understanding of catchment-derived DOM is necessary to predict future changes in Hg
bioavailability. Increased runoff volume and DOM concentration in runoff are anticipated to
increase delivery of both DOM and Hg to lakes in catchments containing permafrost areas.
The Mackenzie River basin is the largest basin in northern Canada, and approximately
three-quarters of its total area are underlain by ground ice (Abdul Aziz & Burn, 2006).
Some First Nations with traditional lands in this region rely heavily on lake fish as a
dietary staple; one such community is the Jean Marie River First Nation in the Mackenzie
Valley. Here, Hg concentrations in fish muscle tend to exceed recommended safe levels
for consumption, but Hg concentrations in fish vary widely between lakes. It is thought
that differing concentrations and compositions of DOM input to lakes play a key role in
regulating Hg bioavailability at the base of aquatic food webs (Evans et al., 2005).
This thesis document comprises two related avenues of research: (1) an analysis of recent
land surface changes in Mackenzie Valley, including a discussion of potential effects on
DOM fluxes, and (2) a set of laboratory experiments investigating the effect of DOM
composition on MeHg uptake by a study algae species. Together, these studies will aid in
the development of informed predictions of Hg concentrations in fish from Canadian
subarctic lakes. Specifically, the objectives of this thesis are:
1. To quantify land-cover change from 2005-2010, especially changes in forest and
wetland cover, in catchments surrounding study lakes in Mackenzie Valley, NWT,
and infer the effects of observed changes on DOM and Hg inputs to lakes, and;
2. To determine experimentally the effect of DOM reduced sulphur content on the
uptake of MeHg by algal cells in solution containing DOM.
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I hypothesize that permafrost thaw and climatic changes in the Mackenzie Valley resulted
in measurable shifts in forest and wetland land-cover area during the study period. For
laboratory experiments, I hypothesize that DOM containing reduced sulphur will act as a
strong ligand for MeHg and will reduce algal MeHg uptake.

1.6.2

Mackenzie Valley Landscape Change

The first avenue of study, an analysis of recent land-cover change in the Mackenzie
Valley, was motivated by research conducted in partnership with a University of
Waterloo research group. During a field sampling campaign in summer 2017, I helped
the Swanson Lab to collect samples of lake-bottom sediments, water, plants, and fish
tissue from Mackenzie Valley lakes, west of Great Slave Lake. This group currently has
several projects underway to study the bioaccumulation of Hg as it relates to water
chemistry variables, fish growth, and food web structure (Swanson Lab Group, n.d.).
I selected eight study lakes around which to assess recent land-cover change: Sambaa K'e
(Trout Lake), Kakisa, Tathlina, Mustard, Gargan, Ekali, McGill, and Sanguez Lakes.
These are also the lakes studied by Laird et al. (2018), several of which are important to
local communities. Specifically, Ekali, Sanguez, Gargan, and McGill Lakes make up four
of the ‘Five Fish Lakes’ (‘Łue Túé Sųlái’ in Dene) used for many generations as
traditional fishing waters by the Jean Marie River First Nation (NWT ENR, 2005).
Through Geographic Information Systems (GIS) analysis, I assessed changes in land cover
between the years 2005 and 2010 in two watersheds near the Mackenzie River headwaters.
Specifically, I used GIS to analyze potential effects of changing wetland and forest cover
on DOM inputs to the study lakes and, through conceptual models, to infer the resulting
effects on MeHg bioavailability. I also used regional elevation to predict likely patterns in
DOM transport by runoff. The composition and volume of runoff is influenced by land
cover; storage of water by a landscape varies with soil type, vegetation community
composition, and wetland type and area (Carey & Pomeroy, 2009).
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1.6.3

DOM-Mediated Algal Methylmercury Uptake

The second, experimental study presented in this thesis is a set of three experimental
treatments involving a unicellular alga, Chlamydomonas reinhardtii. The presence of
DOM can inhibit algal uptake of MeHg (Gorski et al., 2008), but few studies have
examined the effect of different DOM characteristics on the uptake of this biologically
relevant form of Hg. Reduced sulphur content, especially, must be considered as a major
factor affecting MeHg-DOM bond strength. To my knowledge, only one study has
reported low MeHg uptake by algae in solution containing cysteine; this result was
contrary to the authors' expectations that MeHg associated with cysteine would be
actively transported across cell membranes (Luengen et al., 2012).
My experimental design was based on that of Miles et al. (2001): I evaluated partition
coefficients and bioconcentration factors to describe the uptake of MeHg by algal cells.
This was carried out by resuspending stationary-phase algal cells in phosphate buffer and
exposing them to MeHg-Cl solution. Treatment 1 used a simple, binary system: algal
cells and MeHg only. Subsequent treatments involved solutions containing increasingly
complex, but well-characterized organic molecules to test the effect of DOM ligand
quality on algal MeHg uptake. Treatment 2 exposed algal cells to MeHg in a buffer
solution containing EDTA, whereas Treatment 3 buffer contained cysteine to simulate a
DOM that contains reduced sulphur. I hypothesized that algal MeHg assimilation would
decrease in the presence of DOM, and that MeHg uptake by algae would be lowest in the
presence of cysteine.
This experimental design eliminated many confounding variables present in field studies.
Firstly, it is almost impossible to determine accurately the Hg content of natural algal
communities, because sampling methods tend to also collect other debris (Le Faucheur et
al., 2014). In contrast, controlled laboratory studies allow quantitative measurements of
uptake to be made, while keeping variables such as cell density, algal culture age, and
DOM concentration equal between treatments. Water chemistry variables, including pH
and chloride concentration, were also kept consistent throughout my experiments. In
addition, my experiments allowed for the calculation of algae-water MeHg partition
coefficients, of which there is a paucity in the literature.
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The study alga, C. reinhardtii, is commonly used in Hg uptake experiments (Le Faucheur
et al., 2014). This genus comprises single-celled, green algae that can be cultured readily
in Hg-free medium (Dénes, 1970) and are found in both water and soil environments,
from tropical to arctic regions (Harris, 1989), including in Canadian subarctic lakes
(Moore, 1978). The cells of this algae species are motile, and have an ellipsoid shape
with two flagella, a single eyespot, and a single chloroplast that can occupy up to 40% of
the cell's internal volume (Harris, 1989).

2

Methodology

2.1 Geographic Information Systems Analysis
This section originated from a final report prepared for a graduate course, but has been
substantially augmented and shifted in scope. The precursor report is included in the
references section, and permission from the course instructor to use modified course
content is included in Appendix D.
Study watersheds for this thesis are located in a sporadic discontinuous permafrost zone
in southern NWT, where permafrost exists dominantly as thin frozen lenses in peatlands
(NWT ENR, 2014). In my area of study, air temperature tends to be between -30 °C and
-25 °C in winter and approximately 15 °C in summer. Snow melts between April and
June, and the landscape cools and freezes again in September-October. Temperatures
tend to be colder in the north and in areas of higher elevation (Stewart et al., 1998).

2.1.1

Geospatial Data Sources

I downloaded hydrological feature data as shapefiles of watercourses, water bodies, and
areas of permanent ice and snow from the National Hydro Network (NHN) (Natural
Resources Canada, 2017). These files contained feature names, and indicated which
water bodies were permanent and which were ephemeral.
Ecoregion polygons for the Taiga Plains area, which encompasses the study watersheds,
were obtained from the Northwest Territories Centre for Geomatics (Government of
NWT Ecosystem Classification Group, 2007). Detailed descriptions of the Level IV
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ecoregions included in the dataset were compiled from aerial photography and field data,
including climatological variables, surface geology, dominant landforms, soil and
permafrost type, and common vegetation within polygons (Table A1).
The Canadian Digital Elevation Model (CDEM) includes elevation data for all of
Canada, packaged as cells that correspond with the National Topographic System of
Canada (NTS) grid. I downloaded a mosaic of CDEM tiles covering the area north of 60°
latitude via Open Canada (Natural Resources Canada, 2007). I also downloaded a
shapefile for Canadian watersheds via Open Canada (Water Survey of Canada, 2018).
These polygons correspond with sub-sub drainage areas described by the Water Survey
of Canada 1927 hierarchy of drainage areas.
Finally, rasters for land cover in North America in 2005 and 2010 were downloaded from
the Commission for Environmental Cooperation (CEC, 2005; CEC, 2010). These data were
the product of a collaboration between Canada, the United States, and Mexico: the North
American Land Change Monitoring System (NALCMS). Through this initiative, satellite
imagery was used to produce the raster datasets, which categorize North America's land
surface into nineteen classes (NALCMS class characteristics and codes in Table A2).

2.1.2

Mapping Analysis in ArcGIS:

Watershed and Lake Selection: Watersheds for this land-cover analysis were selected to
encompass study lakes from Laird et al. (2018). Selected watersheds were: Trout Watershed,
which encompasses Sambaa K'e (Trout Lake); Kakisa Watershed, which contains Kakisa
Lake and Tathlina Lake; and Upper Mackenzie - Jean Marie Watershed, which contains
Mustard Lake, Gargan Lake, Ekali Lake, McGill Lake, and Sanguez Lake (Figure 2.1).
Waterbody shapefiles 3 and 4 from the NHN dataset, which were visually deemed to
encompass study watersheds, were clipped to study watershed polygons. Polygons for
study lakes were selected by name from the waterbody shapefile attribute table, if names
were available.

25

Figure 2.1: Selection of study watersheds within the Upper Mackenzie region of the
Northwest Territories, Canada.
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For Sanguez, Ekali, Gargan, and McGill lakes, which make up four of the ‘Five Fish
Lakes’, polygons were visually selected in reference to regional maps (NWT ENR,
2005). Polygons representing the Mackenzie River were also selected from the waterbody
attribute table.
Study lake areas were calculated in square metres (Table A1) by calculating the geometry
of the polygons using the projected coordinate system (NAD 1983 UTM zone 10N).
Elevation Data Processing: The mosaic CDEM was clipped by watershed polygons, and
hillshade effect and a new colour scheme were used to maximize contrast between
elevation classes (Figure 2.2). Next, surface slopes were calculated using the Spatial
Analyst Slope tool. A z-factor of 0.00001792 was specified, to relate the input raster (in
decimal degrees) to the xy units of metres. This z-factor corresponds with 60° latitude
(ESRI, 2018), and the study watersheds are located between 59.9° and 62.1° latitude.
These values are latitude-specific because the length of a degree of longitude changes
with latitude. The Spatial Analyst Aspect tool was then used to calculate aspect across
study watersheds from the clipped CDEM.
Zonal Methods: Land-cover rasters from 2005 and 2010, and Level IV ecoregion polygons,
were added and clipped by watershed polygons. It is likely that boundaries of ecoregions
have shifted since the development of this 2007 dataset, especially due to recent climate
warming; henceforth, Level IV ecoregion polygons used in analysis will be referred to
instead as sampling zones, or ‘zones’ for expediency. Using clipped sampling zone
polygons as input zones, the Tabulate Area Zonal tool was then used to compute the total
area of each land-cover type in 2005 and 2010. Next, the Zonal Statistics As Table tool was
used, again with clipped sampling zone polygons as input zones, to generate zonal statistics
from the CDEM for elevation, slope, and aspect within the study area.
I processed tabulated area and zonal statistics data in Excel (Microsoft, 2016), and added
a column for area of clipped zone polygons; these values were copied from the Sampling
Zone layer's attribute table. The area of each land-cover type within each zone was
divided by zone area and multiplied by 100 for a percent-coverage estimate.
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Figure 2.2: Sampling zones (labelled) within selected Upper Mackenzie watersheds,
with underlying elevation indicated.
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Changes in percent coverage of land-cover types within each zone between 2005 and
2010 were calculated by subtracting 2005 coverage estimates from 2010 estimates.
A new raster was developed using the Raster Calculator tool to show changes in forest
cover between 2005 and 2010. Specifically, I used the following expression to visualize
specific cells that remained unforested (0), remained forested (1), gained forest cover (2),
and lost forest cover during this period (3):
(("Forest 2005" == 0)*("Forest 2010" == 0)*0) + (("Forest 2005" == 1)*("Forest
2010" == 2)*1) + (("Forest 2005" == 0)*("Forest 2010" == 2)*2) + (("Forest
2005" == 1)*("Forest 2010" == 0)*3)
Finally, I approximated the percent change in forest land cover in zones by calculating
the sum of percent changes in the four forest cover types: temperate/subpolar needleleaf,
subpolar taiga needleleaf, temperate/subpolar broadleaf deciduous, and mixed. In
ArcMap, this table was joined to the Sampling Zones layer attribute table, and the change
in forest and change in wetland (NALCMS class 14) were used to generate maps of
average change in these land-cover types within each zone. All geospatial analyses were
carried out in ArcGIS 10.5 (ESRI, 2016).

2.1.3

Estimating Changes in DOM Export to Lakes

Results of the GIS analysis were used to estimate shifts in DOM export to study lakes. I
carried out these calculations for the 'Fish Lakes' (Ekali, Gargan, McGill, and Sanguez) and
lakes in the Kakisa Watershed (Kakisa and Tathlina), as these lakes are most likely to receive
increased DOM inputs as a result of their elevation. I did not consider Sambaa K'e and
Mustard Lake, because these upland lakes likely do not receive substantial runoff inputs.
Runoff-Contributing Areas: Around the 'Fish Lakes', I considered South Mackenzie Plain
MB and Trout Upland HB sampling zones to be runoff-contributing areas. I disregarded
contributions of Horn Slopes LS, Horn Plateau LS, Horn Slopes MB, and Great Slave
Lowland MB, because these zones are on the opposite side of the Mackenzie River and
are thus unlikely to contribute runoff to the 'Fish Lakes'. In the Kakisa Watershed, I
considered sampling zones Tathlina Plain MB, Cameron Slopes MB, Cameron Upland
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HB, and Cameron Plateau LS to be runoff-contributing areas. Any contributions of the
Great Slave Lowland MB zone were disregarded, because only a small area of this zone
is contained within the Kakisa Watershed.
Wetland Runoff DOC: Wetland area was calculated for 2005 and 2010 in each study
watershed as the sum of total wetland area in runoff-contributing zones. Then, DOC (in
mg) generated by study area wetlands was estimated before and after the study period. To
do so, I first assumed a specific discharge of 260 L/m2/year, with a DOC concentration of
14.2 mg/L; both assumed values were obtained from studies of boreal bogs (Pastor et al.,
2003). Then, I multiplied wetland area in 2005 and 2010 in each watershed by specific
discharge and DOC concentration in runoff. Changes in wetland DOC contribution to the
'Fish Lakes' and to Kakisa Watershed lakes were calculated as the difference in DOC
generation between study years.
Coniferous Forest Runoff DOC: Coniferous forest area (including taiga and temperate)
was calculated for 2005 and 2010 in each watershed as the sum of total wetland area in
runoff-contributing zones. Then, DOC (in mg) generated by study area coniferous forest
was estimated before and after the study period. I assumed a specific discharge of 0.63
mm/day (Karlsen et al., 2016) with a DOC concentration of 25 mg/L (Jiskra et al., 2017);
both assumed values were obtained from studies of boreal coniferous forest catchments.
Then, I multiplied coniferous area in 2005 and 2010 by specific discharge and DOC
concentration in runoff. Changes in coniferous forest DOC contribution to study lakes
were calculated as differences in DOC export between study years.
Changes in DOC Export to Lakes: Overall changes in daily DOC export were calculated
for each watershed by summing the previously calculated changes in DOC between 2005
and 2010 due to changing wetland and coniferous forest area. Estimates were simplified
by assuming that all DOC exported by study watersheds would reach study lakes;
detailed regional hydrology was not considered. For example, evaporation and infiltration
across study watersheds were assumed to be negligible. Contributions of other land-cover
types (e.g., deciduous forest, shrubland, grassland) to lakes during this time were also not
considered.
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Effects on Lake DOC Concentration: Measured depths from previous studies were used
to estimate volume of each study lake (Table 2.1), and depth was assumed to be constant
across each lake. Lake volumes were calculated as the product of each lake's surface area
(Table A1) and depth. Then, assuming all catchment DOC reached each study lake, daily
changes in lake DOC concentrations were estimated by dividing estimated changes in
DOC export by lake volume. This assumed that no loss of DOM would occur from lakes,
for example through photodegradation or microbial metabolism.
Table 2.1: Depths of study lakes, as measured by previous field studies.
Lake
Ekali

Depth (m)
10

Gargan

10

McGill
Sanguez
Tathlina
Kakisa

9.5
17.8
1.5
7

Citation
Evans et al., 2005
No depth reported, assumed
similar depth as Ekali, McGill
Evans et al., 2005
Evans et al., 2005
Roberge et al., 1988
Roberge et al., 1986

These simplified estimates do not consider a variety of climate change effects that likely
influenced DOC in runoff between 2005 and 2010. For example, a lengthened growing
season is not considered in this model. The succession of wetland forms, described by
Johansson et al. (2006), was also not invoked; in other words, DOM quality leaving
wetlands was assumed to be relatively consistent. One would expect recently thawed
peatlands to produce greater quantities of HMW DOM (Hodgkins et al., 2014), but it was
not possible to estimate changes in DOM quality during the study period.
Increases in precipitation and evaporation as a result of climate change also were not
considered in these calculations. Furthermore, increased volumes of runoff resulting from
permafrost thaw were not incorporated. Finally, the effect of phytoplankton blooms on
in-lake production of LMW DOM was not quantified between the study years; additional
spatial data (i.e., lake chlorophyll-a concentrations) would be required.

2.2 Partitioning Experiments
Preliminary experiments were performed prior to partitioning experiments to optimize
conditions for exponential growth of algal cultures (Appendix C).
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2.2.1

Experimental Set-Up

Cleaning and Pre-Treatment: All glassware, culture vessels, and solution storage vessels
were rinsed three times with 10% HCl, then rinsed with deionized water and oven-dried
prior to use.
Tincture of Iodine Preparation: Tincture of iodine solution, used to immobilize cells for
haemocytometer cell counts, was prepared by dissolving 0.25 g of iodine in 100 mL of
95% ethanol (Harris, 1989).
Modified Bold's Basal Medium Stock Solution Preparation: Concentrated stock nutrient
solutions for a low-metals variation of Bold's Basal liquid algal culture medium were
prepared in accordance with a formulation used in a previous study of algal uptake of Hg
(Rezaee et al., 2006). The waters of hydration, and thus molar masses, of some of the
powdered reagents differed from the standard Merck formulation (Daneshvar et al., 2007;
Khataee et al., 2009), so stock solutions were prepared as indicated in Table 2.2.
Table 2.2: Formulation of stock nutrient solutions for modified Bold's Basal
Medium.
Solution #
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Component
K2HPO4
KH2PO4
MgSO4 · 7H2O
NaNO3
CaCl · 2H2O
NaCl
EDTA
KOH
FeSO4 · 7H2O
H2SO4 (conc)
H3BO3
ZnSO4 · 7H2O
MnCl2 · 4H2O
CuSO4 · 5H2O
CoCl2 · 6H2O
Na2MoO4 ·
2H2O

Mass (g)
1.875
4.375
3.340
2.380
0.625
0.625
5.000
3.100
0.498
0.1 mL
1.142
2.205
2.828
0.393
0.224

Total Volume (mL)
250
250
250
250
250
250

0.178

25

100
100
100
25
25
25
25
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All solutions consisted of one powdered reagent dissolved in deionized water, excepting
solutions 7 and 8, which required two components in addition to water. Reagents were
dissolved in volumetric flasks at room temperature, excepting boric acid, which was
dissolved on a hot plate at 50-60 °C. Mixed solutions were transferred into acid-cleaned
glass bottles, autoclaved, and stored in darkness at room temperature.
Medium Preparation from Stock Solutions: To prepare 1 L of modified BBM, an acidcleaned volumetric flask was filled with 900 mL of deionized water. To this flask, the
following volumes of nutrient stock solutions were added in numerical order: 10 mL of
solutions 1, 2, 3, 4, 5, and 6; 1 mL of solutions 7, 8, and 9; and finally 0.1 mL of
solutions 10, 11, 12, 13, and 14. Deionized water was then added to bring the total
volume to 1 L. Medium was mixed on a magnetic stirrer for 30 minutes, then transferred
into an acid-cleaned Erlenmeyer flask. Medium pH was measured and adjusted to 6.8
using 3 M KOH, and the medium was then sterilized in an autoclave.
Methylmercuric Chloride Stock Preparation: Aqueous methylmercuric chloride (MeHgCl, 1000 mg/L) was purchased from Alfa Aesar, and two working stocks were prepared
using gravimetric dilutions. All MeHg-Cl solutions were kept in 100-mL, acid-cleaned
Teflon bottles. An intermediate stock (1 mg/L) was prepared by diluting 1000 times. The
first working stock (0.01 mg/L) was prepared by diluting the intermediate stock 100
times, and the second stock (0.001 mg/L) was prepared by diluting the intermediate stock
1000 times. Every 30 d, working and intermediate stocks were discarded and fresh stock
MeHg solutions were prepared (Leermakers et al., 1990). All MeHg-Cl solutions were
stored double-bagged, in a sealed Rubbermaid container away from any samples, and
refrigerated at 4 °C in the dark.
Maintenance Culture: Stock Chlamydomonas reinhardtii 1690 cells were obtained from
the laboratory of Dr. Norman Hüner at the University of Western Ontario. Algal cultures
were grown in a walk-in growth chamber at 20 °C and 50% relative humidity. Cells were
subjected to a 12:12 light:dark cycle, with light beginning at 07:00. Cool-white fluorescent
bulbs maintained a light intensity of 225 μmol/m2/s during light periods. Maintenance
cultures were aerated with room air, filtered to 0.2 μm, with an aquarium pump.
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Autoclaved glass Pasteur pipette tips, connected to pump airline tubing, were inserted into
culture flasks, and airflow was adjusted so cultures were continuously bubbled.
All liquid transfers were carried out in a biosafety cabinet, using aseptic techniques, to
maintain a long-term, axenic culture. The biosafety cabinet sash was always set to
working height, and no work was conducted until the cabinet airflow had stabilized.
Foam stoppers and pipette tips were autoclaved prior to insertion into culture flasks.
Gloves, pipettors, and working surfaces were cleaned with 70% ethanol, and flask
openings were flamed before and after liquid transfers.
Regular sub-culturing was performed every 3-4 d, once cells reached the log phase of
growth; 15 mL of culture were pipetted into a new, acid-cleaned Erlenmeyer flask
containing 135 mL of fresh medium. Cell viability and culture contamination were
assessed using an Axio Imager Z1 upright microscope (Carl Zeiss Canada, North York,
ON). Cultures were deemed viable through visual observations that confirmed the
majority of cells to be whole and motile. No evidence of bacterial or fungal
contamination was observed in the cultures used in the experiments.

2.2.2

Treatment 1 (No Organic Matter): Pre-Culturing

Medium Preparation: Medium was prepared in large batches (6 L) and stored in an acidcleaned borosilicate glass bottle prior to experimental culturing. Batch preparation
followed the aforementioned methods, using six times the volume of each nutrient stock
solution and manually agitating the bottle to mix. Sterilization was carried out using an
autoclave set to liquid cycle, and an exposure time of 55 minutes, plus ten additional
minutes per litre over 2 L.
Phosphate Buffer Preparation: Phosphate buffer was prepared to have an ionic strength of
5 mM (Miles et al., 2001), similar to that of the culture medium to prevent cell lysis during
washing and resuspension. To prepare 1 L of buffer at pH 6.8, 0.490 g of KH2PO4 and
0.244 g of K2HPO4 were added to a volumetric flask, and deionized water was added to
bring the total volume to 1 L. Buffer pH was checked and adjusted to 6.8 using 3M KOH.
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Large, 12-L batches of buffer were prepared in advance of experimental initiation and
stored in an acid-cleaned polycarbonate carboy. Preparation of these large batches
required instead 2.927 g K2HPO4 and 5.879 g KH2PO4, and manual agitation to mix.
Test Culture: Prior to experimental initiation, a large algal culture was established by
transferring 100 mL of maintenance culture into 900 mL of fresh medium. This culture
was bubbled with filtered room air, and allowed to grow for 3-4 d until cells were in the
log phase of growth.

2.2.3

Treatment 1: Algal Culturing

Inoculation: After 3-4 d of culturing, a 1000-mL graduated cylinder was used to transfer
450 mL of fresh, cooled medium into each of twelve wide-mouth Pyrex, Fernbach-style
culture flasks (2800-mL capacity). A 100-mL graduated cylinder was then used to
inoculate each of these six flasks with 50 mL of the test culture. Fifteen millilitres of
remaining test culture volume were then used to re-start a maintenance culture, using the
methods outlined in Appendix C.
Cell Growth: Experimental cultures were placed on a gyrotory shaker (New Brunswick
Scientific Company, New Jersey) at 150 RPM to allow sufficient aeration and to prevent
internal shading. Algae were allowed to grow under the set conditions for 6-7 d until
stationary phase was reached. The concentrations of algal cells used in my experiments
were approximately 4-5 million cells/mL. High cell densities such as these occur in some
natural systems (Goldman & Ryther, 1976), and are typically associated with eutrophic
lake conditions (Rattan, 2017). Historically, subarctic algal cell concentrations have been
significantly lower, with the highest densities around 100,000 cells/mL in summers
(Shortreed & Stockner, 1986), but the effects of warming on algal cell densities are not
thoroughly understood.
Cell Harvest, Washing, and Resuspension: Once cells reached stationary phase, all
twelve cultures were combined in a large glass bottle, thoroughly mixed, and 500 μL of
this combined culture were withdrawn and stored in a small glass, screw-top vial for cell
enumeration. Then, cells were pelleted by pouring the combined culture into one hundred
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and twenty 50-mL Falcon tubes, and centrifuging in batches of ten at 3500 RPM for five
minutes on an Eppendorf 5810R centrifuge, using an A-4-81 swing bucket rotor.
The supernatant was poured off and replaced with an equal volume of phosphate buffer,
and cells were centrifuged again, ten tubes at a time, at 3500 RPM for five minutes to
wash any remaining medium off the cells. The supernatant was poured off again, and
replaced again with an equal volume of buffer. Pelleted cells were then resuspended
using a VWR digital vortex mixer, and the contents of ten Falcon tubes were poured into
each Fernbach flask used previously for culturing. These washing steps were repeated
until all cultures had been washed and resuspended in their culture flasks.
Cell Counts: One drop of tincture of iodine was added with a transfer pipette to the small
vial containing 500 μL of culture. Using a glass pipette, 10 μL of culture were transferred
from the vial into the haemocytometer well and allowed to flow under the cover slip until
no bubbles were present. Then, cells were enumerated under an Axio Imager Z1 upright
microscope, using a standard counting method (Sarkis, 2007). For each count, four
replicates were counted, and final cell concentrations were calculated as the average of all
replicates. Between replicates, the culture sample was re-mixed and the glass pipette was
thoroughly rinsed in distilled water.

2.2.4

Treatment 1: Methylmercury Exposure

MeHg Fortification: To create the experimental gradient of MeHg concentrations, small
volumes of MeHg-Cl stock solutions were added to each culture, as shown in Table 2.3.
Table 2.3: Fortification of experimental flasks with MeHg-Cl stock solutions.
Flasks

Stock Added

Stock Volume Added (μL)

[MeHg] (ng/L)

1, 5, 9

0.01 mg/L

1000

10

2, 6, 10

0.01 mg/L

500

5

3, 7, 11

0.01 mg/L

100

1

4, 8, 12

0.001 mg/L

100

0.1

Exposure Start: Once cells had been washed and resuspended in phosphate buffer,
MeHg-Cl was added to each flask, as shown in Table 2.3, with ten minutes between
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fortification of each flask. This staggered start time ensured that the total exposure time
was consistent across flasks, while allowing adequate time for samples to be taken from
each flask before beginning sampling of the next flask. The lowest MeHg concentration
flask and its corresponding MeHg control flask were fortified first, to ensure minimal
MeHg carryover on filtration apparatus and centrifuge bottles during sample extraction
between flasks.
A sample of fresh buffer was withdrawn from the carboy and acidified using
OmniTrace® hydrochloric acid to 0.5% for MeHg analysis, to serve as a buffer blank.
Prior to extraction of algal cells from solution via filtration, a filter blank was also taken
by drawing fresh buffer through the filter apparatus into a PETG bottle, and acidifying to
0.5% for MeHg analysis.
Exposure End and Sample Preparation: All flasks were removed from the shaker
approximately 30 minutes in advance of the 24 h exposure period end, to allow adequate
time to prepare for sampling. Exactly 24 h after MeHg fortification of each flask, each
1 L culture was centrifuged at 2500 g for five minutes to pellet cells, and the supernatant
was filtered to 0.45 μm into a clean 250-mL PETG bottle. The filter apparatus was rinsed
with de-ionized water between samples, and was cleaned with chelating soap and 10%
hydrochloric acid after each DOM treatment. All liquid samples were acidified to 0.5%
using OmniTrace® hydrochloric acid immediately following the filtration step.
Wall-Loss Experiment: Two replicates, each consisting of six flasks, were used to test the
extent of MeHg loss to flask walls during the exposure period. Flasks contained 1 L of
buffer, and were fortified with MeHg as before, to the treatment levels shown in Table 2.4.
After fortification, flasks were placed on the shaker and allowed to circulate. Twenty four
hours later, each flask was removed from the shaker, and 250 mL of each solution was
poured into new 250-mL PETG bottles and acidified to 0.5%. These samples were then
analyzed in accordance with EPA Method 1630 (U.S. EPA, 1998), which is outlined in
section 2.2.6. The percentage of MeHg lost to flask walls was found to be negligible after
this exposure period; on average, 95% of MeHg added was measured in the buffer after
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24 h. Relative standard deviation across all flasks was less than 12%. Thus, wall-loss was
determined to be negligible across the range of experimental MeHg concentrations.
Table 2.4: Flask contents for wall-loss experiment.
Flasks [MeHg] (ng/L)
1, 7

10

2, 8

7.5

3, 9

5

4, 10

1

5, 11

0.1

6, 12

0.05

2.2.5

Treatments 2 and 3 (Organic Matter Treatments)

For these experimental treatments, concentrations of organic matter (OM) were selected
to be representative of natural systems; specifically, 20 mg/L DOC was used in both
Treatments 2 and 3 to approximate natural concentrations in waters of the Mackenzie
Valley, NWT (Evans et al., 2005). It should be noted that Treatments 2 and 3 use
relatively LMW DOM compounds: the molecular weights of EDTA and cysteine are
292.24 g/mol and 121.16 g/mol, respectively. In comparison, catchment-derived DOMs
tend to be much larger molecules, with fulvic acids ranging from 500-2,000 g/mol and
humic acids typically weighing 2,000-5,000 g/mol (Thurman, 1985).
Treatments 2 and 3 were designed such that all MeHg in exposure solutions complexed
with OM prior to inoculation with algal cells. Then, when the algal cells were
resuspended, the extent to which MeHg transferred to the cells was a function of the
strength of MeHg binding with OM.
Treatment 2: Each EDTA molecule can form a chelation complex involving six hydrogen
bonds to a single metal ion, which involves the coordination of two OH- groups and two
amines. In addition, MeHg has a coordination number of one. As a result, each EDTA
molecule can bind one MeHg ion (Hojo et al., 1977). EDTA was used in this treatment as
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an OM ligand that does not contain reduced sulphur, but is known to be an effective
chelator. The concentration of EDTA in this treatment was chosen such that the
concentration of DOC in culture flasks was 20 mg/L.
Treatment 3: Each cysteine molecule contains 1 thiol group, and can thus bind with one
MeHg ion. The concentration of cysteine (mol/L) was kept equivalent to the molar
concentration of EDTA in Treatment 2. So, measured differences in MeHg uptake by algae
between Treatments 2 and 3 should largely be attributable to the presence of the thiol group
in cysteine. Low-molecular-weight thiols, such as cysteine, are likely present in lake water
due to algal cell lysis (Dupont et al., 2006). Although some vertebrate cells can actively
assimilate MeHg bound to cysteine, cysteine was not expected to enhance MeHg uptake by
algae; previous studies have shown cysteine solution to inhibit MeHg partitioning and
effectively wash Hg off of cells (e.g., Le Faucheur et al., 2011; Luengen et al., 2012).
Organic Matter Treatment Concentrations: Flask contents for each treatment are outlined
in Table 2.5. As in Treatment 1, there were three replicates of each MeHg concentration.
OM Solution Preparation: Phosphate buffer and MeHg stocks were prepared as in
Treatment 1. For each treatment, 12 L of phosphate buffer were prepared, of which 6 L
were reserved in a separate carboy for cell washing.
Treatment 2: EDTA powder (0.2920 g) was first dissolved in a small volume of 3M
KOH. This was then added to the remaining 6 L of buffer, and mixed thoroughly by
manually agitating the carboy.
Treatment 3: L-cysteine powder (0.1215 g) was first dissolved in a small volume of
concentrated HCl, then added to 6 L of buffer and mixed thoroughly. In order to
prevent oxidation of cysteine to cystine, the 6 L of buffer was bubbled with N2 gas
before the addition of the cysteine-acid solution.
The pH of OM-buffer solutions was then adjusted back to 6.8 before fortification with
MeHg. From this 6-L batch, 1.5 L were transferred into each of four large, acid-cleaned
amber-glass bottles. For Treatment 3, this transfer was conducted under N2 gas. Amber
bottles, marked to indicate a 1.5 L volume, were first filled with N2 and sealed with
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parafilm. Then, a peristaltic pump was used to withdraw DOM-buffer from the carboy
and fill each of the amber bottles to 1.5 L individually.
Table 2.5: Flask contents for Treatments 2 and 3. These represent amounts of
laboratory organic matter from dry reagents, and MeHg from MeHg-Cl stock
solutions, to be added to phosphate buffer during MeHg exposure.
Flasks

[MeHg] Treatment Treatment 2 Treatment
(ng/L)
2 OM
[OM] (g/L)
3 OM

Treatment 3
[OM] (g/L)

1 ,5, 9

10

EDTA

0.0487

L-cysteine

0.0202

2, 6, 10

5

EDTA

0.0487

L-cysteine

0.0202

3, 7, 11

1

EDTA

0.0487

L-cysteine

0.0202

4, 8, 12

0.1

EDTA

0.0487

L-cysteine

0.0202

OM-MeHg Fortification Equilibration: The amber glass bottles were labelled with the
appropriate OM treatment, and each was labelled with a separate MeHg treatment level
(0.1, 1, 5, or 10 ng/L). The following volumes of MeHg stock solutions were then added
to the bottles:
•

OM + 10 ng/L MeHg: 3 mL of MeHg working stock 1 (WS1, 0.01 mg/L)

•

OM + 5 ng/L MeHg: 1.5 mL of MeHg WS1

•

OM + 1 ng/L MeHg: 300 µL of MeHg WS1

•

OM + 0.1 ng/L MeHg: 300 µL of MeHg working stock 2 (WS2, 0.001 mg/L)

An acid-cleaned stir-bar was placed into each of the bottles, and bottles were placed on a
magnetic stir plate and agitated for five minutes. Solutions were stored in the dark at
room temperature for at least 24 h to allow sufficient time for MeHg-DOM complexation
(Miller et al., 2009; Luengen et al., 2012; Mazrui et al., 2016).
Exposure Period: Cells were cultured as in Treatment 1. Once the twelve 500-mL
cultures had reached stationary phase, cells were washed with the 6 L of fresh buffer
(with no added OM). Then, cells were resuspended in the equilibrated OM-MeHg-buffer
solutions, placed back on the shaker, and left to circulate for a 24-h exposure period.
Cells were extracted via centrifugation as in Treatment 1. Liquid samples were acidified
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to 0.5% with OmniTrace® HCl and solid samples were lyophilized before MeHg
analyses were performed.

2.2.6

Methylmercury Analysis

MeHg concentrations in both liquid and solid samples were analyzed in accordance with
EPA Method 1630 (U.S. EPA, 1998) as follows. Solid samples (lyophilized algae) were
first oven-digested in Teflon bombs for 4 h at 80 °C, using a solution of 25% KOH in
methanol (by weight). Aliquots of digestate were then diluted in instrument vials and run
as liquid samples on a Tekran® 2700 MeHg analyzer. This instrument uses gas
chromatography and detection by cold vapour atomic fluorescence (CVAF) spectroscopy.
Liquid samples (filtered buffer) were distilled using nitrogen gas for approximately 3 h at
125 °C, and then analyzed on the Tekran® 2700 instrument.

2.3 Data Analysis
2.3.1

Censored Data

A small proportion of the liquid MeHg analysis data was censored, because MeHg
concentrations fell either below the Method Detection Limit (MDL) or the Method
Reporting Limit (MRL). The MDL is the concentration below which the signal from the
analyte cannot be distinguished from noise; I used a value of 0.008 ng/L, which is the
detection limit of EPA Method 1630 for MeHg analysis (U.S. EPA, 1998). Samples with
a MeHg concentration below this value were reported as non-detects, and no numerical
concentration was reported.
The MRL is a multiplication of the MDL established by the analytical laboratory to
censor natural variability at the low end of the method's range due to daily differences in
laboratory environment, analysts, and reagents. Accredited and professional laboratories
are required to establish an MRL; the Biotron Analytical Services Laboratory, where
these analyses were conducted, is accredited by the Canadian Association for Laboratory
Accreditation Inc. (CALA) for MeHg analysis. The MRL for Biotron Analytical MeHg
analysis of liquid samples is 0.024 ng/L. The magnitude of uncertainty associated with
measured values is equally great across the calibration range of the method; however, at
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very low concentrations, the uncertainty of measurements below the MRL is
proportionally quite large, compared to the concentration of the analyte. That said, when
analysis of a liquid sample results in a value between the MRL and MDL, there is very
high confidence that MeHg is present in the sample. Statistical analysis of values below
the MRL can be conducted, because the analyte is present and reported values are only
slightly erroneous in an absolute sense.
Thus, for statistical analysis, I included the measured values of liquid samples that fell
between the MDL and MRL. For samples with MeHg concentration below the MDL, I
conducted a sensitivity analysis using different substituted values for MeHg
concentration in the calculation of partition coefficients that were conducted via the use
of Freundlich isotherms (see section 2.3.2). These substituted values were below the
MDL (0.008 ng/L), and were selected using a random number generator. I found that
while the coefficient estimates varied, the overall findings remained consistent. Detailed
results of the sensitivity analysis are presented in section 3.2.2. The sensitivity analysis
results justified the use of a standard substituted value of MDL/2 (0.004 ng/L) in all
subsequent statistical analyses (Hornung & Reed, 1990). All statistical analyses were
carried out using R-3.6.0 (The R Foundation for Statistical Computing, 2019), and plots
were generated using the ggplot package (Wickham, 2016).

2.3.2

Freundlich Isotherms

I developed Freundlich isotherms of my experimental data to calculate buffer-to-algae
partition coefficients. First, I fit a linear model for the logarithm of [MeHg]algae (ng/kg
dw) vs. the logarithm of [MeHg]buffer (ng/L), including a term for the interaction between
log(MeHgbuffer) and Treatment (the categorical variable ‘Treatment’ represented the three
different OM treatments: NoOM, EDTA, and cysteine). This model allowed me to test
whether MeHg remaining in the buffer after the partitioning experiments and the OM
treatment predicted the final MeHg concentration in algae
However, in the preliminary model, the residual standard deviation for the NoOM
treatment was greater than for the other OM treatments. I therefore fit a double linear
model to account for this difference among treatments.
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2.3.3

Bioconcentration Factors

In addition to partition coefficients, I also calculated bioconcentration factors (BCFs) for all
replicate pairs of solid and liquid samples. BCFs describe the degree to which MeHg
concentrates in algal cell tissue compared to the surrounding buffer (Watras et al., 1998;
Tsui & Finlay, 2011; Luengen et al., 2012). This value is also sometimes described as a
bioaccumulation factor (BAF) (Rolfhus et al., 2011). Bioconcentration factors were
calculated using the following equation:
[𝑀𝑒𝐻𝑔]

𝐵𝐶𝐹 = [𝑀𝑒𝐻𝑔] 𝑎𝑙𝑔𝑎𝑒

𝑏𝑢𝑓𝑓𝑒𝑟

where [MeHg] algae is measured in ng/kg dw (kilograms of dry weight), and
[MeHg] buffer is measured in ng/L
It is important to note that BCFs were calculated using [MeHgalgae] per kilogram of dry
weight because the units used to estimate BCF/BAF values are applied inconsistently in
the literature. For example, some calculated values use MeHg concentrations in algal
cells per kilogram of wet weight (Watras & Bloom, 1992; Braaten et al., 2018).
The relationship between BCF and DOM treatment was modelled in RStudio. Because BCF
values from the NoOM treatment were more variable than from the other two treatments, a
log transformation was used to reduce heteroscedasticity. Several linear models were
developed for log(BCF), including the following independent variables and their interaction:
starting experimental [MeHg] and Treatment (OM type). When compared by Akaike
Criterion, the best model for log(BCF) included Treatment alone as an independent variable.
Finally, I compared mean BCFs among treatments using a one-way ANOVA.

2.3.4

Assumptions & Outliers

Using a QQ-plot (Figure B1), I verified that the residuals were near-normally distributed.
I computed standardized residuals, and found no values with an absolute value greater
than 2.5 (Figure B2). The standardized residuals of two observations, however, were
close to this magnitude, so I computed Cook's Distance and leverage. The observation
with the greatest Cook's Distance (Figure B3) did not have any leverage (Figure B4).
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Therefore, no observations were removed as outliers, because their inclusion in the
analyses did not greatly influence the parameter estimates.

3

Results

3.1 Geographic Information Systems Results
3.1.1

Mackenzie Valley Landscape

Differences in Mackenzie Valley land cover between 2005 and 2010 were calculated
within each sampling zone. All zones are included in subsequent tables of summary
statistics, but it should be noted that a few of these zones will not be discussed in great
detail. Horn Plain HB and Horn Slopes MB, specifically, are unlikely to influence runoff
inputs to any studied lakes; although they lie within the same watershed as the four ‘Fish
Lakes’, these two zones are physically separated from lakes by the Mackenzie River
(Figure 3.1). Similarly, while Great Slave Lowland MB surrounds Kakisa Lake, the zone
does not greatly overlap with the watershed containing this lake. Inputs of runoff from
this zone, thus, were not expected to greatly influence water quality in Kakisa Lake.
Regional topography was also considered in subsequent discussions of sampling zone
influence on study lakes. For example, upland lakes such as Mustard Lake were not
expected to receive runoff from downslope areas.
Slopes within the study area are relatively shallow (Figure 3.1), with the highest average
slopes found in Cameron Slopes MB, Horn Slopes MB, and Trout Upland MB (Table
3.1). A maximum inclination of approximately 35° was observed in slope sampling
zones, unsurprisingly, as these zones are found between uplands and lower-lying areas.
The greatest ranges in elevation of approximately 500-600 m were in Cameron Slopes
MB, Horn Plain HB, Horn Slopes LS, and Trout Upland HB. While surface aspect varied
across sampling zones (Figure 3.2), average zone aspect ranged from 103 to 215 (east to
southwest; Table 3.2).
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Figure 3.1: Surface slope and study lakes within Upper Mackenzie study
watersheds. Slope is relatively low across all sampling zones (between 0° and 2.9°,
shown in light green), with steepest areas in Cameron Slopes MB and Horn Slopes
MB zones (up to a maximum slope of 41°, steep areas shown in yellow, red, and
orange).
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Table 3.1: Slope and elevation zonal statistics for sampling zones. Grey indicates
relatively less influential zones, as described in section 3.1.1; dark grey zones are not
expected to influence any of the studied lakes, whereas light grey indicates zones
with minimal influence.
Sampling
Zone
Cameron
Plateau LS
Cameron
Slopes MB
Cameron
Upland HB
Great Slave
Lowland
MB
Horn Plain
HB
Horn
Plateau LS
Horn
Slopes LS
Horn
Slopes MB
South
Mackenzie
Plain MB
Tathlina
Plain MB
Trout
Upland HB
Trout
Upland MB

Min.
Slope
(°)

Max.
Slope
(°)

Mean
Slope
(°)

Min.
Elevation
(m)

Max.
Elevation
(m)

Elevation
Range
(m)

Mean
Elevation
(m)

0

33

2

495

891

397

732

0

41

3

277

871

594

469

0

31

2

550

802

252

660

0

26

1

138

320

182

195

0

18

1

143

703

560

307

0

29

2

629

840

212

746

0

8

2

380

777

397

595

0

35

3

218

756

539

347

0

33

1

121

350

229

216

0

28

1

196

526

330

319

0

19

1

282

799

517

542

0

18

3

495

700

205

560
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Figure 3.2: Slope aspect across study watersheds in Upper Mackenzie. Surface
aspect varied across sampling zones, but average aspect in each zone ranged from
103 to 215 (represented by yellow, green, and blue).
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Table 3.2: Mean aspect of sampling zones. Grey indicates relatively less influential
zones, as described in section 3.1.1; dark grey zones are not expected to influence
any of the studied lakes, whereas light grey indicates zones with minimal influence.
Sampling Zone
Cameron Plateau LS
Cameron Slopes MB
Cameron Upland HB
Great Slave Lowland MB
Horn Plain HB
Horn Plateau LS
Horn Slopes LS
Horn Slopes MB
South Mackenzie Plain MB
Tathlina Plain MB
Trout Upland HB
Trout Upland MB

3.1.2

Mean Aspect
184.4
179.8
177.1
103.3
193.7
165.4
214.5
176.5
122.0
112.1
138.2
209.6

Forest Cover

Forest cover in Mackenzie Valley was compared between 2005 (Table 3.3; Figure 3.3)
and 2010 (Figure 3.4). Changes in forest cover in each raster cell during the study period
were calculated and mapped (Figure 3.5), and were also visualized by sampling zone
(Figure 3.6) to show average change in forest cover in each zone during the study period.
On average, forest cover increased across all sampling zones. There were increases of
10% or more in the area classified as forest in zones surrounding the four ‘Fish Lakes’
(McGill, Ekali, Sanguez, and Gargan Lakes), Sambaa K'e, and Mustard Lake. All zones
exhibited increased coverage by coniferous trees (Table 3.4).

3.1.3

Wetland Area

Similarly, the average changes in wetland area were calculated within each sampling
zone (Figure 3.7). Wetland cover decreased in most sampling zones between 2005 and
2010 (Table 3.4). There was a decrease of greater than 5% in wetland area in Tathlina
Plain MB, and a decrease of approximately 3% in wetland in South Mackenzie Plain MB.
Notably, there was also a decrease in wetland area of approximately 15% in Cameron
Slopes MB.
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Table 3.3: Percentage of zone area occupied by each NALCMS class in 2005. Grey
indicates relatively less influential zones, as described in section 3.1.1; dark grey
zones are not expected to influence any of the studied lakes, whereas light grey
indicates zones with minimal influence.
Sampling
Zone
Cameron
Plateau LS
Cameron
Slopes MB
Cameron
Upland HB
Great Slave
Lowland MB
Horn Plain
HB
Horn Plateau
LS
Horn Slopes
LS
Horn Slopes
MB
South
Mackenzie
Plain MB
Tathlina
Plain MB
Trout Upland
HB
Trout Upland
MB

1
(%)

2
(%)

5
(%)

6
(%)

8
(%)

10
(%)

11
(%)

12
(%)

14
(%)

16
(%)

17
(%)

18
(%)

69.9

6.4

0.0

1.1

4.7

0.7

0.0

0.0

15.2

0.0

0.0

4.3

66.3

0.3

2.1

14.2

1.7

1.8

0.0

0.0

14.4

0.0

0.0

1.9

83.3

1.2

0.0

0.8

5.3

1.2

0.0

0.0

5.4

0.0

0.0

5.1

24.4 40.2

1.4

7.4

0.4

11.2

0.0

0.0

6.7

0.0

0.0

10.9

56.7 17.0

1.2

3.2

14.0

1.1

0.0

0.0

9.1

0.0

0.0

0.1

1.2

24.5

0.0

0.0

47.8 21.0

0.0

0.0

0.1

0.0

0.0

7.6

13.8 65.0

0.0

0.0

2.1

12.0

0.0

0.0

7.4

0.0

0.0

2.3

1.5

0.4

5.8

0.6

58.4 19.5

0.0

0.0

16.2

0.0

0.0

0.0

50.0 11.8

0.9

9.4

14.1

3.1

0.0

0.0

9.8

0.0

0.0

3.4

38.9 21.0

0.2

8.0

6.3

1.5

0.0

0.0

19.9

0.0

0.0

6.7

67.5

0.7

0.1

8.6

11.9

1.2

0.0

0.0

5.8

0.0

0.0

6.7

53.6

0.0

1.3

38.5

0.0

0.0

0.0

0.0

6.6

0.0

0.0

2.4
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Figure 3.3: Study watershed land cover in 2005. Brown represents forest, light
yellow/green indicate shrub and grasslands, class 14 is wetland, blue/green is urban
and barren, and dark blue represents water (Table A2). Coniferous forest occupies
the largest fraction of most sampling zones; however, in Horn Slopes MB and Horn
Plateau LS, the dominant class was shrubland. Trout Upland MB had a large area
of coniferous forest, but also quite a large mixed forest area.
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Figure 3.4: Land cover in 2010 across study watersheds. See Table A2 for detailed
NALCMS class descriptions: brown represents forest, light yellow and green are
shrub and grasslands, class 14 is wetland area, blue/green is urban and barren land,
and dark blue represents water. The land class occupying the largest fraction of
each sampling zone in 2010 is coniferous forest.
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Figure 3.5: Change in forest cover by raster across study watersheds from 20052010. Areas that experienced changes in forest cover are highlighted: red areas lost
forest during the study period, while dark green regions gained forest. Light green
regions remained forested throughout the entire study period (2005-2010).
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Figure 3.6: Average change in forest area in each Upper Mackenzie sampling zone
between 2005 and 2010. All zones experienced increases in forest cover, with largest
increases shown in dark green. Horn Slopes MB, Horn Plateau LS, and Horn Plain
HB zones experienced the greatest increases in forest, followed by South Mackenzie
Plain MB and Trout Upland HB zones.
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Table 3.4: Percent change in land-cover type in sampling zones from 2005-2010.
Land-cover types (column headings) correspond to NALCMS land-cover class codes
(Table A2). These calculations were performed by subtracting the percentage of
each zone’s area represented by the land-cover type in 2005 from the area of the
land-cover type in 2010. Grey indicates relatively less influential zones, as described
in section 3.1.1; dark grey zones are not expected to influence any of the studied
lakes, whereas light grey indicates zones with minimal influence.
Sampling
Zone
Cameron
Plateau LS
Cameron
Slopes MB
Cameron
Upland HB
Great Slave
Lowland MB
Horn Plain
HB
Horn Plateau
LS

Δ1
(%)

Δ2
(%)

Δ5 Δ6 Δ8 Δ10 Δ11
(%) (%) (%) (%) (%)

Δ12
(%)

Δ14 Δ16 Δ17 Δ18
(%) (%) (%) (%)

5

-6

1

0

-2

0

0

1

1

0

0

1

2

0

7

1

5

-2

0

0

-14

0

0

0

-1

-1

1

4

-2

-1

0

1

-3

0

0

3

41

-35

0

-4

9

-11

0

1

-1

0

0

0

32

-16

2

1

-9

-1

0

0

-7

0

0

0

28

-4

0

0

-41

-20

2

23

10

0

0

2

Horn Slopes
LS
Horn Slopes
MB
South
Mackenzie
Plain MB

60

-53

0

0

0

-12

1

3

2

0

0

1

24

2

-1

6

0

-19

1

2

-15

0

0

0

26

-10

2

-6

-6

-3

0

0

-3

0

0

0

Tathlina
Plain MB

24

-19

1

-6

4

-1

0

1

-4

0

0

1

Trout Upland
HB
Trout Upland
MB

17

0

1

-6

-10

-1

0

1

-2

0

0

1

14

0

9

-20

3

0

0

0

-5

0

0

0
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Figure 3.7: Average change in wetland area in each Upper Mackenzie sampling
zone between 2005 and 2010. Some zones experienced slight increases in wetland
area (shown in blue), whereas wetland area decreased in other zones; the largest
decreases are shown in dark brown. Horn Slopes MB, Horn Plain HB, and
Cameron Slopes MB zones experienced the greatest decreases in wetland area,
followed by Tathlina Plain MB and Trout Upland MB zones.
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3.1.4

Changes in DOM Export to Lakes

Simplified calculations were made to estimate changes in catchment DOC export as a
result of changing wetland and coniferous forest cover; the findings are visually laid out
in Figure 3.8. While wetland area, and thus DOM generation by wetlands, decreased in
both studied watersheds, there was an estimated overall increase in DOM export from the
landscape as a result of increased coniferous area. Lakes in the Jean Marie Watershed
(i.e., the 'Fish Lakes') may receive as much as an 18.6% increase in the amount of DOC
delivered daily via runoff. Kakisa and Tathlina lakes may experience a 1.32% increase in
DOC delivery daily. When lake volume is considered, increased DOM delivery to lakes
is likely to most greatly affect Gargan Lake. If one assumes that all DOC in catchment
runoff reaches study lakes, DOC concentration in Gargan Lake water would increase by
3.39 mg/L daily. There would be lesser daily increases in DOC concentration in other
lakes as well, with the remaining 'Fish Lakes' receiving greater DOC inputs than Kakisa
and Tathlina lakes (Figure 3.8).

3.2 Experimental Results
3.2.1

Partition Coefficients from Isotherms

Methylmercury partitioning to algal cells was significantly lowest in the presence of
cysteine, based on the observation that the partition coefficient (K) from the cysteine
treatment was lower than the K values from EDTA and NoOM treatments by 5.9×104 and
2.2×105, respectively (p < 1×10-4; Table 3.5). Methylmercury uptake by algae was
slightly lower in EDTA solution at all MeHg concentrations than in the NoOM treatment,
but the difference was not significant. These partition coefficients (K values) were
calculated as the y-intercepts of Freundlich isotherms (Figure 3.9). The analysis of
deviance table for the double linear model indicated a good model fit; specifically,
including the interaction of log(MeHgbuffer) and Treatment improved the fit of the mean
(p < 1×10-15), and allowing residual variance to differ across experiments improved the
fit of the variance (p < 1×10-5).
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Figure 3.8: Summary of estimated change in DOC flux in Jean Marie and Kakisa
watersheds, which both displayed decreased wetland area and increased coniferous
forest area between 2005 and 2010. As a result, both watersheds are estimated to
generate runoff with increased DOC concentration. Lakes within study watersheds
will be differentially affected, depending on their volume relative to elevated DOM
inputs. Units for catchment DOC export are kilograms of carbon per day, and units
for increased lake DOC concentration are milligrams of carbon per litre per day.

Table 3.5: Results of double linear model, including upper and lower bounds of 95%
confidence intervals. *Note: K values with differing letters are significantly different
(p < 1×10-4).
Treatment
NoOM
EDTA
Cysteine

K* (L/kg)
2.35×105 a
7.91×104 a
2.00×104 b

95% CI
8.07×104 - 6.86×105
6.04×104 - 1.03×105
1.61×104 - 2.49×104
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Figure 3.9: Freundlich isotherms for the partitioning experiment data. The three
treatments (NoOM, EDTA, and cysteine) are shown in different shades of grey,
with linear models shown for each treatment dataset and shading to indicate 95%
confidence intervals The y-intercepts of each of the three treatment lines
(log[MeHg]algae = 0) represent logK, where K is the calculated partition coefficient.

3.2.2

Censored Data Treatment Sensitivity Analysis

I carried out a sensitivity analysis to verify that the parameter estimates were not greatly
affected by the substitution used for the censored data (i.e., measurements < MDL).
Parameter estimates (estimates of partition coefficients, K) did not vary in the cysteine or
EDTA treatments with different substitutions of MDL, because no data from these
treatments fell below the MDL. For Treatment 1 (NoOM), two values fell below this
threshold and were substituted for the sensitivity analysis. Values for MDL were
randomly generated and substituted into the double linear model. While the NoOM
treatment K estimate did vary with different MDL substitutions, it was consistently
greater than the K values for the EDTA and cysteine treatments (Table 3.6). In addition,
the 95% confidence intervals of the estimates shown in Table 3.6 still consistently
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overlapped with those of the EDTA treatment K value. These results indicate that while
there was some uncertainty in the low-end measurements from the NoOM treatment, the
key findings remained the same regardless of the MDL substitution used.
Table 3.6: Estimates of the NoOM treatment partition coefficient at different
substituted MDL values.
MDL Substitution
0.008
0.0064
0.0048
0.0023
0.0014
0.001
0.0006
0.0001

3.2.3

K Estimate (L/kg)
2.57×105
2.53×105
2.43×105
2.07×105
1.82×105
1.66×105
1.44×105
9.53×104

95% CI
7.54×104 - 8.79×105
7.87×104 - 8.14×105
8.06×104 - 7.33×105
7.65×104 - 5.61×105
6.97×104 - 4.73×105
6.46×104 - 4.25×105
5.71×104 - 3.66×105
3.81×104 - 2.39×105

Bioconcentration Factors

The best-fitting linear model, which included Treatment alone as an independent
variable, indicated that BCF was relatively consistent in each treatment across starting
MeHg concentration. The test statistic (F-statistic) for treatment intercepts was significant
(p < 1×10-11, DOF=33), and the adjusted R2 value of 0.7712 indicated a good model fit.
The lowest BCF value, 2.52×104, was observed in the cysteine treatment (Table 3.7). The
BCFs for the EDTA and NoOM treatment were greater than the cysteine treatment BCF
by 2.6 and 13.1 times, respectively (p < 1×10-4). Slopes of linear regression lines were
near-zero across the range of experimental MeHg concentrations (Figure 3.10).
Table 3.7: Mean BCFs for each treatment, including upper and lower bounds of
95% confidence intervals. *Note: BCF values with differing letters are significantly
different (p < 1×10-4).
Treatment
NoOM
EDTA
Cysteine

Mean BCF*
3.30×105 a
6.51×104 b
2.52×104 c

Lower CI
2.04×105
4.02×104
1.79×104

Upper CI
5.35×105
1.05×105
3.55×104
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Figure 3.10: logBCF across starting MeHg concentration. Linear models for each
treatment are shown, with shading to indicate 95% confidence intervals. Slopes are
near-zero, and the best-fitting linear model found the effect of MeHg concentration to be
negligible and the best explanatory variable for logBCF to be OM type alone.

4

Discussion

4.1 Upper Mackenzie Land-Cover Change
The initial objective of the spatial analysis component of this thesis was to quantify
changes in land cover, specifically wetland and forest area, around study lakes in
Mackenzie Valley. Between 2005 and 2010, sampling zones surrounding study lakes
experienced increased forest area, largely due to increased coniferous tree cover. These
increases in forest area came at the expense of shrub and grassland area. Furthermore,
wetland area decreased in several zones. These observed changes during the study period
are discussed by watershed below, and resulting effects on DOM and Hg delivery to
study lakes are inferred.
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4.1.1

Trout Watershed

Within the Trout Watershed, Sambaa K'e (which means ‘Trout Lake’ in Dene) is located
in the Trout Upland HB sampling zone and may also be influenced by runoff from the
Trout Upland MB zone. Both of these zones that surround Sambaa K'e experienced
substantial increases in coniferous forest area between 2005 and 2010 (Table 3.4). In
Trout Upland HB, the 17% increase in area classified as coniferous forest seems to have
taken place through conversion of shrubland and mixed forest. In Trout Upland MB,
increases in coniferous forest area occurred at the expense of mixed forest area. Trout
Upland MB also experienced a 10% increase in deciduous forest area. These observed
shifts from shrubland and mixed forest to deciduous forest may result in increased DOM
ligand quality in runoff from this catchment. Leaching of coniferous forest litter produces
more hydrophobic DOM than that derived from deciduous litter, and more complex,
HMW DOM than would be produced by shrubs or grasses (Hongve, 1999). This could
greatly influence DOM composition in Trout Watershed runoff, given that the majority of
this region's surface area (approximately 80%) in 2010 was coniferous forest (Table 3.3;
3.4); most overland flow of water within the watershed therefore likely encounters
coniferous forest litter.
In contrast, bogs and frozen peatlands made up only approximately 6% of the watershed's
land surface in 2005, and this small wetland area decreased slightly during the period of
study (Table 3.3; 3.4). It therefore can be inferred that this watershed does not have a
great capacity to generate DOM and MeHg via percolation of runoff through wetlands.
Elevation varies significantly within this watershed, but the upland position of Sambaa K'e
indicates that the majority of runoff produced by surrounding zones will flow into the
plain to the northeast (Figure 2.2). This is substantiated by the realization that the
underlying geology is relatively impermeable glacial till, a poorly sorted mixture of
sediments containing silts and clays, which is combined with large organic deposits (Table
A1). One thus may infer that Trout Upland zones produce high-DOM runoff that flows
down to the northeast plain, without greatly influencing water chemistry in Sambaa K'e.
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4.1.2

Kakisa Watershed

Land surface changes within the Kakisa Watershed can influence DOM inputs to Tathlina
and Kakisa lakes. Sampling zones likely to influence both lakes are Tathlina Plain MB,
Cameron Slopes MB, Cameron Upland HB, and Cameron Plateau LS. Kakisa Lake may
additionally be influenced by landscape change in the Great Slave Lowland MB zone,
given that the lake is contained by a small section of this zone that falls within the Kakisa
Watershed (Figure 2.2). Interestingly, a shift in coniferous forest type occurred in this
watershed between 2005 and 2010; large areas of Tathlina Plain and Great Slave
Lowland shifted from subpolar taiga needleleaf to temperate/subpolar needleleaf forest
(Table 3.4). In addition, the total area of coniferous forest increased in these zones during
this time. Forest cover remained relatively unchanged in the Cameron Upland and
Plateau zones, in which coniferous forest predominated throughout the study period. The
slight observed increases in coniferous forest, in addition to the large amount of sustained
coniferous area, will continue to generate HMW DOM.
The higher-elevation zones, Cameron Slopes, Upland, and Plateau, are positioned atop
organic deposits and impermeable geological units (either till or fine-grained sediments)
(Table A1). In addition, approximately 15% of area in Cameron Slopes and Plateau was
occupied by wetlands in 2005 (Table 3.3), but this decreased substantially in Cameron
Slopes during the period of study (Table 3.4). The upland position of these three
Cameron zones, elevation range and relatively steeper slopes in Cameron Slopes (Table
3.1), and impermeable geology indicate that runoff produced in these zones will likely
flow down into Tathlina Plain.
Great Slave Lowland and Tathlina Plain are poorly drained regions with large organic
deposits (Table A1). They are underlain by fine-grained, lacustrine sediments, and thus
are unlikely to allow rapid infiltration of groundwater. In addition, the large wetland area
of Tathlina Plain, which decreased only slightly from 20% in 2005 (Table 3.3; 3.4), likely
generates DOM- and MeHg-rich runoff that may flow through this lowland area towards
Kakisa and Tathlina lakes.

62

4.1.3

Upper Mackenzie - Jean Marie Watershed

Though both Mustard Lake and the four ‘Fish Lakes’ (Gargan, Ekali, Sanguez, and
McGill Lakes) are within the Upper Mackenzie - Jean Marie Watershed, effects of landcover change must be considered separately for these lakes, because runoff inputs will
largely be dictated by regional topography.
Mustard Lake is contained within the Horn Plateau LS sampling zone, and it may also be
influenced by land-cover change within the Horn Slopes LS zone. The latter, however, is
considerably less influential for water chemistry in Mustard Lake, because it is slightly
lower in elevation than Horn Plateau, and thus unlikely to contribute great volumes of
runoff (Figure 2.2). The Horn Plateau zone, which is more influential for water chemistry
in Mustard Lake, is underlain dominantly by till, with some organic deposits (Table A1).
During the period of study, the Horn Plateau experienced a 25% increase in area
classified as coniferous forest, accompanied by a decrease in shrub and grassland area
(Table 3.4). Interestingly, a 10% increase in the plateau's wetland area also occurred
during this time. Therefore, not only did concentrations of HMW DOM likely increase
with expanded coniferous forest cover, DOM production may have also been enhanced
by increased wetland cover.
The four ‘Fish Lakes’ are located in the South Mackenzie Plain MB sampling zone, and
they may also receive runoff inputs from the small area of the Trout Upland HB zone that
falls within the Upper Mackenzie - Jean Marie Watershed (Figure 2.2). The Horn Plateau,
Slopes, and Plain zones are unlikely to greatly influence runoff contributions to the ‘Fish
Lakes’ because the Mackenzie River physically separates the lakes from these zones to
the north. Between 2005 and 2010, there was a 15% increase in coniferous forest cover in
the South Mackenzie Plain (Table 3.4). Similar to the shift observed in the Kakisa
Watershed, this occurred as a shift from subpolar taiga needleleaf forest to
subpolar/temperate needleleaf.
Additionally, the area classified as coniferous forest increased by 17% in Trout Upland
during the study period. Coniferous forest makes up the greatest fraction of area in both
the South Mackenzie Plain and Trout Upland, and expansion of this area will increase
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concentrations of HMW DOM in regional runoff. The relatively higher elevation in Trout
Upland, combined with organic soils and underlying till deposits (Table A1), may allow
this area to generate DOM-rich runoff and export it to the South Mackenzie Plain below.
Here, the relatively impermeable, fine-grained sediments underlying the plain would
allow runoff to flow readily to the ‘Fish Lakes’ without substantial infiltration.
Approximately 10% of the South Mackenzie Plain area surrounding the ‘Fish Lakes’ is
wetland, and both the plain and Trout Upland experienced slight decreases in wetland
area during the period of study (Table 3.3; 3.4). This indicates that there may have been a
slight decrease in DOM production, as well as Hg methylation, within the Jean Marie
watershed during the study period.

4.1.4

Additional Predictions

The rapid changes in vegetation composition observed during the study period may be a
combined result of climatic changes and regional fire history. Rather than a purely
successional process, increased coniferous forest area may have occurred via warmingenhanced growth of stunted trees. Some potential mechanisms behind this shift are
described below.
Overall, the zones surrounding the studied lakes described above likely generated
increased quantities of HMW DOM over the period of study. As per the process of thaw
succession proposed by Johansson et al. (2006), thaw of permafrost and increased area of
Sphagnum-dominated bogs may increase the export of aromatic, recalcitrant DOM. All
sampled zones contained bogs and frozen peatlands (Table A1), which are likely to shift
to sources of DOM in runoff as they become inundated. Increases in coniferous forest
cover have occurred across all three study watersheds; this will increase leaching of
HMW compounds from litter, which are likely to be strong ligands for MeHg.
Conversely, decreases in wetland area surrounding Sambaa K'e and the four ‘Fish Lakes’
are likely to decrease DOM production, as well as Hg methylation within the catchment.
That said, the upland position of Sambaa K'e makes this lake less likely to receive large
volumes of runoff. Thus, as a result of land-cover changes between 2005 and 2010, the
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four ‘Fish Lakes’ are likely to be most greatly affected by changing composition of DOM
in runoff. One may expect up to a 30-45% increase in DOC concentration in runoff
entering these lakes as a result of these shifts in catchment vegetation (Klimaszyk &
Rzymski 2011; 2013), Furthermore, DOM entering lakes may comprise approximately
15% more HMW compounds from leaching of coniferous litter, relative to deciduous
forest (Hongve 1999). This combined increase in both DOM concentration in runoff and
the proportion of this DOM that is HMW, hydrophobic compounds may decrease Hg
bioavailability to aquatic organisms. However, increased export of these strong ligands
from the catchment will likely also increase delivery of Hg to the four ‘Fish Lakes’
(Johansson et al., 1991). This Hg export to lakes may be partially combatted by the
decreases in wetland area observed in study areas, as the landscape will generate lower
quantities of toxic, biologically relevant MeHg.
In combination with the aforementioned effects of land-cover change on DOM quality in
runoff, there are several additional factors pertinent to this discussion. Changes in DOM
composition may have proportionally less effect on MeHg bioavailability in large lakes,
such as Tathlina, Kakisa, and Sambaa K'e (Table A1) than in small lakes. In lakes of
greater volume, chemical inputs from the catchment will be diluted to a greater extent by
lake water. Assuming inputs of catchment-derived DOM to be similar, small lakes, such
as the four ‘Fish Lakes’, will most greatly affected by altered runoff chemistry as a result
of their relatively small water volume (Evans et al., 2005; Wiener et al., 2006).
Regional aspect, or the direction of the surface slope, may also influence runoff volumes;
at high latitudes, north-facing slopes may evaporate less water, because they receive less
incident radiation (Weeks & Wilson, 2006). However, none of the studied lakes were
within zones with predominantly north-facing slopes (Table 3.2).
Decreases in the cover of small, understory plants occurred in most sampling zones
during the period of study (Table 3.4). The resulting decrease in the presence of small,
abundant roots may allow the soil to be more easily eroded (Gyssels et al., 2005),
especially in sloped areas (Aldrich & Slaughter, 1983). This may increase transport of
particulate matter, as well as Hg bound to these organic particulates. For example, the
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observed 10% decrease in shrub and grass cover may increase erosion and Hg transport
downslope in Trout Upland HB.
The shift in coniferous forest composition from subpolar taiga to subpolar/temperate
needleleaf species, observed in several sampling zones, may cause a shift in DOM quality
consistent with future changes in DOM quality initiated by climate warming (Creed et al.,
2018). As the climate warms, the ‘treeline’ has been observed to shift northward; species
with more southerly ranges advance to higher latitudes and areas of greater elevation
(Harsch et al., 2009). As coniferous forests become more dominated by temperate
species, the quality of litter produced will shift. Trees in nutrient-poor, taiga ecosystems
tend to grow slowly and conserve nutrients; conversely, temperate species are able to
discard larger amounts of litter, and this litter tends to be more nutrient-rich (Van Cleve
et al., 1983). So, degradation of litter from these temperate trees may produce stronger
DOM ligands for Hg. The overall increase in coniferous forest cover, additionally, may
result in decreased regional albedo, because these types of trees absorb solar radiation to
a greater degree than deciduous trees (McGuire et al., 2006; Yin, 1998). This could
enhance warming of permafrost within these areas, further accelerating thaw.
It is important to note that shifts from taiga to temperate needleleaf forest NALCMS
categories may not indicate drastic changes in vegetation community composition. The
taiga needleleaf category is defined by forests greater than 3 m tall accounting for more
than 5% of total vegetation (Table A2), whereas the temperate needleleaf category
requires that trees greater than 3 m tall make up more than 20% of vegetative cover. In
both of these forest classes, the tree crown cover must consist of at least 75% needleleaved species. Rather than a conversion of vegetation type, the observed shift in
NALCMS class during the period of study may represent the hastened growth of existing
needleleaf seedlings. In cool, nutrient-poor areas, many of the tree species present have
stunted growth forms, and are referred to as ‘krummholz’. Increases in temperature can
rapidly increase the growth of krummholz within as few as three years (Danby & Hik,
2007a). This has occurred historically in Sweden in response to warming (Lavoie &
Payette, 1994). Warmer winter temperatures may additionally result in increased primary
productivity within several years (Natali et al., 2012), and winter temperatures are
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increasing dramatically in the Mackenzie Valley (Cao et al., 2001). The release of
nutrients, including nitrogen, from thawing permafrost may also facilitate rapid growth of
stunted trees (Keuper et al., 2012).
The fire history of a region is expected to influence its forest trajectory, almost to a
similar extent as permafrost degradation. The predominant tree species in boreal
peatlands, black spruce, requires fire activity to regenerate; therefore, warmer fire-prone
areas are expected to experience gradual shifts towards increased forest cover (Payette et
al., 2006). Wildfires occur frequently within the Taiga Plains study area (Helbig et al.,
2016), so vegetation cover is a mosaic of vegetation at various stages of re-growth.
Between 2000 and 2014, the transitional region between sporadic and discontinuous
permafrost experienced a 4.7% increase in overall percent tree cover (Helbig et al.,
2016). My studied lakes fall within this region, 51% of which was affected by wildfire
between 1965 and 2002 (Helbig et al., 2016). Because these regions may exhibit
regrowth for more than 100 years following a burn, it is likely that increased forest cover
is partly attributable to regional fire history. Regional aspect may also enhance tree
growth slightly; south-facing slopes have been shown to experience more rapid increases
in tree density with warming (Danby & Hik, 2007b).
The observed increases in tree cover in the study area were contrary to the predicted
trajectory for thawing permafrost landscapes. Generally, losses in forest cover are predicted
as permafrost thaws, and as permafrost plateaus thaw and collapse, forests underlain by
ground ice may be converted to wetlands (Baltzer et al., 2014). In the study area,
permafrost may remain largely intact, with limited thaw due to shading and snow
entrapment by vegetation (Throop et al., 2012). As wetlands experience increased
evaporation due to warming, and the water table lowers as a result of ground ice melting
(the latter is relatively impermeable to water flow), well-drained areas may develop
increased tree cover (Camill, 1999; Lloyd et al., 2003). Wetland area structure will be
altered by thawing, bounding ground ice as well; as permafrost plateaus subside, isolated
wetlands may be incorporated into stream channels (Connon et al., 2014). This produces
increased runoff, because these ‘captured’ bogs on the landscape are less able to store
water. Long-term projections of wetland area also predict decreases in wetland area in areas
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of permafrost degradation (Avis et al., 2011). This is likely due to increased hydraulic
conductivity of soil as the active layer deepens, and landscapes may therefore drain readily.
Many of the above factors point to high concentrations of HMW DOM and associated
increased Hg inputs to the studied Fish Lakes. This is consistent with the University of
Waterloo group's findings: Laird et al. (2018) observed high Hg concentrations in fish
from Sanguez and McGill Lakes, which are part of the ‘Five Fish Lakes’ and exhibit high
DOM concentrations. Fish from the upland Trout and Mustard lakes exhibited lowest Hg
concentrations. This may indicate that catchment contributions of Hg, and resulting
increased Hg concentrations in lakes, are a pertinent consideration in the prediction of
fish Hg trajectories. Bioavailability of Hg within lakes as a function of DOM composition
may be a secondary consideration in light of large anticipated Hg loading to lakes from
permafrost thaw.

4.2 DOM Ligand Quality
The objective of partitioning experiments was to determine the relative uptake of MeHg
by algae in solutions containing different types of DOM, and specifically to assess the
effect of varying sulphur content of DOM on algal MeHg uptake. Three experimental
treatments were used (no OM, EDTA, and cysteine), and algal cells were found to take
up 172% less MeHg in solution containing cysteine, a reduced-sulphur-containing
laboratory DOM compound, than in solution containing no DOM. Two different metrics,
partition coefficients and bioconcentration factors (BCFs), are described and
experimental results are interpreted in detail below.

4.2.1

Partition Coefficients from Isotherms

To reiterate, these partition coefficients are used to describe the mechanism of
bioconcentration at the chemical level. They represent ratios of chemical concentrations
between two environmental compartments at chemical equilibrium. Many field studies
report coefficients of MeHg partitioning to seston, a poorly characterized mix of small
suspended particles including phytoplankton, filtered out of natural water samples for Hg
analysis (e.g., Watras & Bloom, 1992; Pickhardt & Fisher, 2007; Tsui & Finlay, 2011).
However, coefficients for MeHg uptake by certain algal species have also been derived
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via laboratory study. The magnitude of reported logK values for MeHg partitioning to
green microalgae tends to range from 4.8 to 6.5 (Watras et al., 1998; Miles et al., 2001).
Experimentation with the same study alga, C. reinhardtii, has yielded MeHg logK values
between 5.1 and 6.2 as well (Pickhardt & Fisher, 2007). The coefficients calculated from
my experimental treatments generally fall within this range, with NoOM and EDTA
treatments generating logK values of 5.37 and 4.90, respectively (Table 3.5). The
cysteine treatment produced a significantly lower logK value of 4.30 (p < 1×10-4). This
indicates that the presence of cysteine (which contains a reduced sulphur group) in
solution reduces algal MeHg uptake.

4.2.2

Bioconcentration Factors

Bioconcentration factors (BCFs) are a metric highly relevant to ecological studies and
trophic transfer, and these ratios are often used in studies of bioaccumulation. They provide
a snapshot of contaminant concentration in the organism of concern relative to its
environment as a function of current environmental conditions, which may not be at
equilibrium. BCFs are a similar metric to the partition coefficients described above, and
they describe the concentration of MeHg in algal cells, relative to in the surrounding buffer,
on a dry weight basis. While the partitioning coefficients (K) from my EDTA and NoOM
treatments were not significantly different, BCFs from these treatments did differ
significantly (p < 1×10-4). This discrepancy may have resulted from limited statistical
power in these experiments, and implies that partition coefficients for non-sulphurcontaining DOMs and water may differ, and should be evaluated using larger sample sizes.
For my three experimental DOM treatments, logBCF ranged from 4.40 to 5.52, with the
lowest BCF observed in algal cells from the cysteine treatment (Table 3.7). These
experimental BCFs also fall within the range of values found in the relevant literature;
one review of 32 studies determined the mean logBCF for MeHg transfer from water to
seston to be 5.32 (Wu, 2017). These experimental results show that by dry mass, algal
cells in the cysteine treatment took up 2.6 times less MeHg than those in the EDTA
treatment. Similarly, MeHg uptake by algae in the NoOM treatment was 13.1 times
greater than in the cysteine treatment.
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This decreased bioconcentration of MeHg at the base of the aquatic food web is similar to
that observed in various field studies, though field observations of decreased algal MeHg
uptake are largely attributed to increased DOM concentration in the water body. At low
DOC concentrations (< 5 mg/L), logBCF for MeHg uptake by seston was found to be
approximately 5.9, while high DOC concentration decreased seston logBCF to
approximately 4.7 (Rolfhus et al., 2011; Watras et al., 1998). Tsui and Finlay (2011)
documented similar DOM inhibition of sestonic MeHg bioconcentration and commented
on the relationship between BCF and DOM aromaticity: they observed logBCF to
decrease from 5.1 to 4.6 in waters with non- and highly aromatic DOMs, respectively.

4.2.3

Synthesis

Together, these experimental findings show that DOM plays a key regulatory role in the
uptake of MeHg at the base of aquatic food webs. In addition, this study confirms that the
presence of DOM containing reduced sulphur groups in natural waters can significantly
reduce algal MeHg assimilation. This is because the quality of DOM as a ligand for
MeHg is enhanced by reduced sulphur groups, and strong MeHg binding to these sites
inhibits its bioavailability to algae. However, as described by Watras et al. (1998), algal
MeHg uptake occurred even in the presence of strong reduced sulphur ligands, which
suggests that algal cells may have a high affinity for MeHg. It is also possible that the
membrane permeability of phytoplankton is enhanced in water containing high
concentrations of humic substances, but this has only been observed in low-pH waters
(Vigneault et al., 2000).
If one assumes 50% of lake DOM to be humic substances and 80% of these to be fulvic
acids, with the remainder (20%) being humic acids (Thurman, 1985), one can perform a
brief calculation of DOM-reduced-sulphur-to-MeHg ratios in lakes. Fulvic acids and
humic acids may have a cysteine content of up to 0.2 and 0.7 nmol/mg, respectively
(Thurman, 1985). Study lakes in the Mackenzie Valley historically have had DOC
concentrations around 20 mg/L (Evans et al., 2005), of which one estimates 10 mg/L are
humic substances. Using estimated cysteine contents for humic and fulvic acid fractions,
one can estimate that these fractions yield 1.6 and 1.4 nmol cysteine/L, respectively, for a
total of 3 nmol/L (363 ng cysteine/L). In these Mackenzie Valley lakes, MeHg
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concentration in water is below 0.2 ng/L, and inorganic Hg is present in the water at
approximately 2 ng/L (Evans et al., 2005). This implies that virtually all MeHg and Hg
should be complexed by strong ligands on DOM, assuming concentrations of competing
metal ions to be negligible. Possible metal competitors for binding sites are other class B
ions, including lead, platinum, and palladium; these larger metal ions bind preferentially
with ligands consisting of heavier atoms (Nieboer & Richardson, 1980). This rough
calculation also does not consider the accessibility of thiol groups within the complex
structure of humic acid molecules.
Furthermore, as the warming of lake water facilitates the development of algal blooms,
the increased volume of decaying algae will generate greater concentrations of LMW
thiols in the water column. In addition to bloom dilution of MeHg by increased numbers
of algal cells, my experimental results indicate that the production of LMW DOMs, such
as cysteine, may further inhibit MeHg entry at the base of aquatic food webs.
As climate-induced changes in land cover occur, it is important to consider the character
of catchment-derived DOM in light of these experimental results. Increased forest area,
especially coniferous, and thaw succession of frozen peatlands will generate greater
amounts of HMW DOMs that may act as strong ligands for Hg. These compounds may
inhibit MeHg uptake by aquatic food webs, as demonstrated experimentally, but they
may also serve as vectors for Hg transport in catchment runoff to lakes.

4.3 Implications and Recommendations
4.3.1

Implications

To make applicable statements about laboratory findings in an ecological context, it is
crucial to understand current ecosystem-level processes. This thesis presents an overview
of land-cover change surrounding at-risk lakes in northern study catchments, as well as a
mechanistic approach to diagnosing MeHg bioavailability in subarctic lakes as a factor of
DOM ligand quality. A full visual model of predictions is presented below (Figure 4.1).
Lakes within thawing subarctic catchments are likely to experience increased inputs of
DOM with greater thaw runoff volumes. Associated inputs of MeHg and Hg bound to
DOMs to lakes will likely also increase, and small lakes will be most affected by these
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shifting fluxes, because they are less able to buffer changing chemical inputs. Increased
dominance of coniferous trees in studied catchments will amplify production of HMW
DOM compounds through the leaching of litter. Concurrently, decreases in wetland area
will serve to reduce the capacity of the landscape to generate DOM and MeHg.
Experimentally, significantly different bioconcentration factors among algal cells in the
presence of different DOM ligands indicated reduced MeHg bioavailability in solutions
containing cysteine. Natural waters with high concentrations of reduced-sulphurcontaining DOMs will exhibit relatively decreased MeHg bioavailability, such that algal
cells will take up less MeHg. In combination, the export of complex humic substances
from catchments undergoing landscape change due to permafrost thaw may increase
concentrations of strong DOM ligands in lakes, which experimental results have shown
to reduce MeHg bioavailability to aquatic food webs (Diéguez et al., 2013).

Figure 4.1: Visual model of study findings. Addition and subtraction symbols
indicate relationships where one variable increases the associated mechanism (as
per arrow direction). Combined effects of landscape change, permafrost thaw, and
DOM reduced sulphur content will act to both limit MeHg bioavailability to algae
and increase Hg loading to subarctic lakes.
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While cysteine reduced the uptake of MeHg by algae, some MeHg was still observed in
algal cells following exposure to contaminated solution. This implies that inputs of Hg to
aquatic systems by strong DOM ligands in runoff may be most important to consider in
light of landscape changes. Reduced bioavailability within lakes may be less pronounced
when higher concentrations of Hg compounds are present in natural waters, relative to the
ability of algal cells to outcompete DOM for MeHg binding. This concept of bottom-up
forcing of Hg in aquatic food webs is echoed by several field studies, where positive
correlations were found between aqueous Hg species and DOC (Håkanson et al., 1988;
Pickhardt & Fisher, 2007; Rolfhus et al., 2011). Perhaps strong binding sites on DOM are
occupied by other competing metals, including inorganic Hg, so some fraction of MeHg
is able to diffuse passively or undergo active transport into algal cells. Alternatively, it is
possible that MeHg associates with organic compounds, such as amino acids, that are
actively accumulated by algae (Pickhardt & Fisher, 2007).

4.3.2

Limitations and Recommendations for Future Study

With respect to aspects of experimental and analytical methodology that could be
improved upon by future studies, firstly, it is not clear what effects the resuspension of
algal cells in phosphate buffer (following methods of Miles et al., 2001) may have had on
the active component of MeHg uptake. Cells were not killed prior to MeHg exposure, but
may have been physiologically limited in this nutrient-poor environment during the
exposure period. In addition, small, labile DOMs produced as algal exudates may act as
ligands for MeHg that could influence bioavailability. Further study of the effects of
these chemical variables on algal cell membrane permeability are necessary to make
conclusive statements about changing concentrations of ligands in natural waters.
A much more detailed characterization of DOM is also imperative, should studies aim to
predict the trajectory of Hg in aquatic food webs clearly. My experiments established a
foundation for quantifying the effects of DOM on MeHg bioavailability, and I
demonstrated that LMW thiols are effective at reducing assimilation of MeHg by study
alga C. reinhardtii. Similar experiments should be conducted using natural, HMW
DOMs, representative of soils present in thawing permafrost catchments, and detailed
characterization of these DOMs should be undertaken. This will allow the effects of
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DOM aromaticity, molecular weight, and reduced sulphur content on MeHg
bioavailability to be clearly defined, and the originating plant material of the strongest
ligands to be determined.
In my experiments, small sample sizes due to equipment limitations produced a dataset
with limited statistical power. Similar experiments must be conducted with greater
numbers of replicates and multiple species of algae to investigate more thoroughly the
effects of membrane permeability, surface-area-to-volume ratio, and storage products and
pigments on MeHg uptake. These experiments should be accompanied by chemical
equilibrium modelling to indicate dominant chemical species under experimental
conditions.
Finally, all spatial analyses were conducted using publicly available data and software.
Detailed analysis of more recent landscape changes could be undertaken if LIDAR surveying
of ecosystems of concern were to be funded and executed. Furthermore, wetland types,
especially peatlands, must be delineated in updated landcover maps. In combination with
aforementioned experimental limitations, I believe that detailed, updated assessments of landcover change in rapidly changing subarctic areas must be carried out, such that accurate
predictions of Hg concentrations in fish may be developed for northern communities.

5

Conclusions

Permafrost makes up a large percentage of land area in northern Canada, and climatic
warming trends have begun to cause dramatic change in these vulnerable ecosystems.
Thaw of permafrost may increase volumes of runoff, and alter vegetation communities
and wetland area. Furthermore, increased runoff volumes may transport increased
amounts of DOM, and contaminants that associate with DOM, to subarctic lakes.
Mercury is one such contaminant of particular concern, as it readily bioaccumulates and
biomagnifies, especially in fish muscle. Communities that subsist largely on fishing,
including northern First Nations, may be at risk for high dietary loads of Hg.
The bioavailable form of mercury, MeHg, largely enters the aquatic food web by
partitioning to algal cells. Many factors may affect the rate of algal MeHg uptake,
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including water chemistry, primary productivity, and catchment influences. The findings
presented in this thesis indicate that landscape change within thawing permafrost
catchments will likely affect the composition of DOM inputs to subarctic lakes.
Specifically, increased area of coniferous forest and thawing permafrost peatlands will
increase the export of complex DOM molecules, which bind strongly with MeHg, to
lakes. At the same time, decreased wetland area may lessen DOM and MeHg export from
study catchments. Experimental results show that the reduced sulphur content of DOM is
a key consideration in binding strength with MeHg: DOM with reduced sulphur groups
decreased MeHg uptake by algal cells.
This thesis outlines potential effects of changing catchment land cover on the delivery of
DOM and bound Hg to lakes, as well as the effects of DOM characteristics on uptake of
neurotoxic MeHg by aquatic food webs. Through these explorations of water chemistry
and landscape change, I showed that MeHg is likely to become less bioavailable in lakes
that experience increased inputs of HMW DOM containing reduced sulphur. This
improved understanding of the role of catchment-derived DOM composition on MeHg
bioavailability will inform predictions about concentrations of Hg in fish in subarctic
lakes likely affected by climate change.
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Appendices
Appendix A: Supplementary Spatial Analysis Materials
Table A1: Physical description of influential sampling zones surrounding study
lakes. Characteristics of wetlands, vegetation, and soil/landform within each zone
are also described. Data modified from the Taiga Plains ecoregion shapefile
attribute table (Government of NWT Ecosystem Classification Group, 2007). Grey
indicates relatively less influential zones.
Study
Lake

Gargan

Lake
Area
(m2)

Sampling
Zone

Landform

Surface
Geology

South
Mackenzie
Plain MB

Plain (level or
gentle slope)

Fine-grained
lacustrine,
alluvial
deposits
(stratified silt,
sand, clay,
gravel), eolian
deposits
(sand, silt
dunes)

Horizontal fen
(gentle slope,
uniform peat
accumulation),
undulating

Mixedwood
forest, jackpine
forest,
shrub/sedge fen

Trout
Upland HB

Upland
(higher than
surroundings,
undulating
terrain, welldrained, low
proportion of
wetland)

Organic
deposits
(peat), till
blanket (thick,
continuous
till), alluvial

Peat plateau
bog (perennially
frozen peat),
hummocky

Fen/bog (black
spruce, shrub,
moss), black
spruce forest,
lodgepole/
jackpine forest

Peat plateau
bog, hummocky

Shrubland,
black spruce
forest, fen/bog
(black spruce,
shrub, moss)

N/A

Shrubland,
spruce forest,
fen/bog (black
spruce, shrub,
moss)

1.1×106

Sanguez

1.4×106

Surrounded by the same zones as Gargan Lake.

Ekali

1.8×106

Surrounded by the same zones as Gargan Lake.

McGill

2.1×106

Surrounded by the same zones as Gargan Lake.

Horn
Plateau LS
Mustard

2.3×107
Horn
Slopes LS

Plateau (level
or gentle
slope, higher
elevation
than
surroundings)
Slopes
(variable
local relief
atop larger
regional
incline)

Till, organic

Till, organic

Wetland Form

Vegetation
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Great
Slave
Lowland
MB
Kakisa

Trout
Upland HB

Plain

Organic, finegrained
lacustrine,
undivided rock
with minor
Quaternary
deposits

Upland

Organic, till,
alluvial

Horizontal fen,
level

Shrub/sedge
fen, mixedwood
forest, fen/bog
(black spruce,
shrub, moss)

Peat plateau
bog, level

Fen/bog (black
spruce, shrub,
moss), jackpine
forest,
mixedwood
forest

Peat plateau
bog, hummocky

4.8×108
Trout
Upland
MB

Tathlina
Plain MB

Cameron
Slopes MB
Tathlina

Organic, finegrained
lacustrine,
coarse-grained
lacustrine

3.2×108
Tathlina
Plain MB

Sambaa
K’e

Lowland
(low-relief,
poorly
drained, high
proportion of
wetlands)

Upland

Plain

Slopes

5.5×108

Organic, till,
glaciofluvial
complex
(sand, gravel,
diamict)
Organic, finegrained
lacustrine,
undivided rock
with minor
Quaternary
deposits
Till, colluvial
fines (silt, clay,
fine sand),
organic

Flat bog,
undulating

Peat plateau
bog, level

Northern ribbed
fen (parallel,
low peat ridges,
alternating with
wet hollows;
peat depth > 1
m), inclined

Cameron
Plateau LS

Plateau

Organic, till,
alluvial

Peat plateau
bog, hummocky

Cameron
Upland HB

Upland

Organic, till,
glaciofluvial
complex

Northern ribbed
fen, level

Fen/bog (black
spruce, shrub,
moss), black
spruce forest,
lodgepole/
jackpine forest
Fen (black
spruce, larch),
jackpine forest,
mixedwood
forest
Fen/bog (black
spruce, shrub,
moss), jackpine
forest,
mixedwood
forest
Mixedwood
forest,
deciduous
forest,
lodgepole/
jackpine forest
Fen/bog (black
spruce, shrub,
moss), black
spruce forest,
lodgepole/
jackpine forest
Fen/bog (black
spruce, shrub,
moss), sedge
fen, lodgepole/
jackpine forest
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Table A2: List of applicable NALCMS codes and corresponding land classes (CEC,
2010). Tropical, polar barren, crop vegetation, and snow/ice classes were excluded,
as they are not represented in this landscape.
Code
Class Name
1
Temperate or subpolar
needleleaf forest
2

Subpolar taiga
needleleaf forest

5

Temperate or subpolar
broadleaf deciduous
forest
Mixed Forest

6

8
10

11

Temperate or subpolar
shrubland
Temperate or subpolar
grassland

14

Subpolar or polar
shrubland-lichen-moss
Subpolar or polar
grassland-lichen-moss
Wetland

16

Barren Lands

17

Urban and Built-up

18

Water

12

Description
Forests > 3 m tall (> 20% of total vegetation cover), where
needle-leaved species make up ≥ 75% of the tree crown
cover.
Forest and woodlands with > 3 m tall (> 5% of total
vegetation cover). These may also include muskeg or
wetlands with tree cover. Shrubs and lichens are commonly
present in the understory and the tree crown cover contains
≥ 75% needle-leaved species.
Forests > 3 m tall (> 20% of total vegetation cover), where
deciduous species make up ≥ 75% of tree crown cover.
Forests > 3 m tall (> 20% of total vegetation cover), where
needleleaf nor broadleaf tree species are co-dominant, and
neither type occupies > 75% of total tree cover.
Dominantly woody perennial plants with persistent woody
stems < 3 m tall (typically > 20% of total vegetation).
Dominantly graminoid or herbaceous vegetation (> 80% of
total vegetation cover). These areas are not subject to
intensive management such as tilling, but can be utilized for
grazing.
Dominantly dwarf shrubs with lichen and moss typically
(≥ 20% of total vegetation cover).
Dominantly grassland with lichen and moss (≥ 20% of total
vegetation cover).
Dominantly perennial herbaceous and woody wetland
vegetation, influenced by the water table at or near surface
over extensive periods of time. This includes marshes,
swamps, bogs, mangroves etc. either coastal or inland
where water is present for a substantial period annually.
Bare rock, gravel, sand, silt, clay, or other earthen material,
with little or no "green" vegetation present regardless of its
inherent ability to support life (vegetation < 10% of total
cover).
≥ 30% urban constructed materials for human activities
(cities, towns, transportation etc.).
Open water, generally with < 25% cover of non-water cover
types. This class refers to areas that are consistently covered
by water.

93

Appendix B: Supplementary Statistical Analysis Plots
The following plots were used to verify assumptions of statistical models and check for
outlying observations.

Figure B1: Normal-QQ plot of partitioning experiment results. Residuals are nearnormally distributed.
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Figure B2: Partitioning experiment standardized residuals. No observations had
standardized residuals with magnitude > 2.5.
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Figure B3: Cook’s Distance for partitioning experiment observations. One
observation (3, 0.23) had a relatively large Cook’s Distance, compared to the rest of
the experimental observations.

Figure B4: Leverage of partitioning experiment observations. No observations had
any leverage, so none were removed as outliers.
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Appendix C: Algal Culture Growth Testing
This subsection describes the sequential troubleshooting steps that were undertaken to
verify proper growth of algal cultures prior to the initiation of methylmercury exposure
experiments. First, to establish maintenance cultures from concentrated stock, 100 mL of
fresh medium were inoculated with 10 mL of stock. Maintenance cultures were bubbled
with an aquarium pump in 500 mL Erlenmeyer flasks with foam stoppers, and were
regularly sub-cultured, such that there was always at least one culture growing at any
given time. Sub-culturing, at a ratio of approximately one part previous culture to ten
parts fresh medium, took place approximately every 5 d, when cells were estimated to be
in exponential growth.
Next, a larger volume of medium was inoculated with maintenance culture after
approximately 5 d of growth at a 1:10 ratio of culture to fresh medium to establish ‘test
cultures’ with a volume of 1 L. Once test cultures began to grow exponentially, they
would be used to inoculate the twelve experimental cultures: 1-L cultures grown to
stationary phase on the shaker table before resuspension in phosphate buffer and
treatment with methylmercury.
Initially, algal growth was measured in shaken experimental cultures via optical density
measurements on an Aqualog® spectrophotometer (HORIBA Scientific, Kyoto, Japan).
Growth curves for C. reinhardtii under the culture conditions were developed via regular
measurements of culture optical density at both 550 and 750 nm. The former is a robust
wavelength for spectrophotometric measurements of the study alga (Myers, Curtis, &
Curtis, 2013), while 750 nm is outside of the range of pigment (chlorophyll) absorbance
(Griffiths et al., 2011), and is thus relatively unaffected by variability in algal cell
chlorophyll content produced by aging or culture conditions.
Single-point absorbance measurements were taken at the selected wavelengths every
12 h, using culture medium as a blank to account for absorbance properties of the
medium. Triplicate OD measurements were taken each time point. As shown in Figure
C1, initial experimental cultures grew very slowly and linearly, not exponentially, and
did not appear to reach stationary phase.
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Figure C1: Single-point measurements of experimental culture absorbance at 550
and 750 nm. Each point represents the average of 3 spectrophotometric
measurements of the algal culture at each sampling time; error bars indicate
standard deviation.
Based on this assessment, I decided to establish first that maintenance culture transfers
were indeed performed during exponential growth. In addition, I would confirm that
maintenance cultures performed as expected: undergoing a lag phase, logarithmic growth,
and eventually a stationary phase at consistent, predictable intervals. The method of
aeration for maintenance and test cultures differed from that of experimental cultures;
thus, it would be crucial first to establish regularity of growth patterns in bubbled cultures
before assessing shaken culture growth.

Maintenance Culture Growth
Growth Test Procedures: Four replicate maintenance cultures were started by inoculating
four flasks containing 135 mL of fresh medium with 15 mL of maintenance culture.
These replicates were bubbled with the aquarium pump at the same rate, and growth was
tracked by counting with a haemocytometer under a light microscope (see section 2.2.3
for protocol), because the liquid volume withdrawn from each culture for this procedure
was less than the volume required to fill cuvettes for OD measurements. Furthermore,
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haemocytometer measurements also allowed cell fragments that could have interfered
with the accuracy of OD readings to be observed and discounted in the cell count totals.
Three replicates were allowed to continue growing, while volume was withdrawn from
the last replicate during observed exponential growth to start four new maintenance
cultures. I continued to take cell count measurements for the three remaining cultures,
and began to count cell samples from the four new replicates. This process was repeated
to establish consistent growth timelines for maintenance cultures, such that transfer times
could be optimized.
Growth Test Results: The first set of replicates began exponential growth between 20 h
and 40 h after inoculation, and began to level off in stationary phase at approximately
9 million cells/mL after 80-90 h (Figure C2). Later sets of replicates generally followed
this timing of growth stages; they lagged for less than 20 h, grew exponentially around
20-40 h, and reached stationary phase after approximately 80 h. However, the
concentration of cells at stationary phase in later replicates (i.e., after the first set of four)
was only approximately 5 million cells/mL.

Figure C2: Cell concentrations during the first set of maintenance culture test
replicates. Cells from Flask 4 were used to inoculate four new replicates, while
Flasks 1-3 were allowed to grow to stationary phase.
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This set of tests demonstrated consistent timing of maintenance culture growth stages,
and provided an improved understanding of ideal transfer times for inoculation of new
cultures. Specifically, inoculum from maintenance cultures would be used to start new
cultures approximately 40 h after the start of the initial maintenance culture, to ensure
that cells were growing exponentially at the time of transfer.
I hypothesized that the lower final cell concentrations in the latter replicates were a result
of decreased aeration; the stream of air from the aquarium pump was split into seven
cultures in order to bubble the three continuing and four newly inoculated replicates.

Experimental Culture Growth
Growth Test Procedures: To optimize shaken experimental culture growth, I decided to
decrease culture volume from 1 L to 500 mL, such that liquid depth in the Fernbach
culture flasks was less than 1-2 cm. This served both to effectively aerate the shaken
cultures and to minimize interior shading within the cultures (Harris, 1989).
Six experimental culture replicates were inoculated from a bubbled test culture in
exponential growth, using the same ratio as the maintenance cultures (one part inoculum
to nine parts fresh medium). Regular estimates of cell concentration were obtained using
the haemocytometer.
Growth Test Results: Stationary phase was reached after approximately 120 h. As shown
in Figure C3, cell concentrations at stationary phase were lower than I had expected:
approximately 4 million cells/mL.
I hypothesized that the low stationary phase cell concentration was a result of a low
starting cell concentration. Upon inoculation of these six experimental cultures, the cell
concentration was approximately 0.5 million cells/mL. For example, from Figure 2A in
Chioccioli et al. (2014), it is evident that initial cell density greatly affects the rate of
algal population growth and the final culture concentration at stationary phase.
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Figure C3: Cell concentrations during the first set of experimental culture test
replicates.
I thus repeated the experimental culture tests with a stronger inoculum, such that the cell
concentration of the culture immediately after inoculation was approximately 1 million
cells/mL. As shown in Figure C4, this resulted in greater cell concentrations at stationary
phase (approximately 5 million cells/mL). Furthermore, this increased inoculum strength
also resulted in more clearly visible growth stages for the experimental cultures.
Stationary phase was reached after 140 h.

Experimental Culture Dry Mass
During experimental culture growth tests, one shaken 500 mL algal culture was
centrifuged to extract cells upon reaching stationary phase. The cells were then
lyophilized to estimate culture mass. The total mass of the freeze-dried culture, which
had a cell concentration of 5 million cells/mL prior to centrifugation, was approximately
150 mg. I deemed this mass to be sufficient for the intended MeHg treatment
concentrations, considering the detection limits of EPA Method 1630 for methylmercury
analysis in solid samples. Specifically, this test confirmed that 500-mL cultures in
stationary phase would produce sufficient dry mass upon which to conduct
methylmercury analysis, and the original planned volume of 1 L would not be necessary.
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Figure C4: Cell concentrations after increased inoculum strength for experimental
culture test replicates.

Culture Growth During Experiments
Throughout all algal culture growth tests, growth chamber light intensity and cycle,
temperature, and humidity were kept constant, as described in section 2.2.1. In addition,
the speed of shaker table oscillation was kept constant at 150 RPM. These settings were
consistent with those maintained during MeHg exposure experiments.
These growth tests provided a comprehensive understanding of C. reinhardtii growth
under various conditions at each stage of the experimental method. Thus, cell density was
measured in all future experimental cultures prior to resuspending cells in phosphate
buffer solution. Resuspension took place after stationary phase (approximately 140 h),
once cell concentration reached approximately 5 million cells/mL.
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